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FOREWORD 


The  binary  equilibrium  diagrams  of  titanium  and  its  alloying 
elements  can  be  considered  as  an  absolute  prerequisite  for  the  under- 
standing of  the  behavior  of  all  titanium  base  alloys. 

In  the  course  of  the  alloy  development  work,  which  the  Materials 
Laboratory  has  been  sponsoring  for  several  years  at  Battelle  Memorial 
Institute,  the  first  preliminary  knowledge  of  the  phase  relationships 
at  the  titanium-rich  end  of  various  alloy  systems  was  obtained.  This 
investigation  has  also  furnished  a broader  knowledge  of  the  applicability 
of  the  different  alloying  elements  to  the  production  of  practical 
titanium  alloys. 

In  view  of  the  aforementioned  necessity  for  a knowledge  of  the 
binary  equilibrium  diagrams,  and  the  paucity  of  information  on  this 
subject  in  the  literature,  it  was  decided  to  start  a broader  research 
project  on  binary  diagrams  of  titanium  and  the  most  promising  alloying 
elements.  Investigation  was  started  on  ten  alloy  systems,  the  work 
being  divided  among  five  research  institutions.  More  recently,  addi- 
tional binary  and  ternary  systems  were  included  in  this  program. 

After  the  first  year  of  research,  a summary  report  was  prepared 
hy  each  contractor  and  these  reports  are  being  published  as  Air  Force 
Technical  Reports.  The  following  list  gives  a compilation  of  the  con- 
tractors, systems  investigated,  and  technical  report  numbers  concerned. 
Since,  in  some  cases,  the  investigations  are  not  yet  finished,  the 
reports  concerned  are  designated  as  Part  1.  Part  2 will  follow  as 
soon  as  the  investigations  are  completed,  and  will  disclose  the  final 
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of  the  Materials  laboratory,  Directorate  of  Research,  Wright  Air 
Development  Center,  with  Lt  W.  R.  Freeman,  Jr.,  acting  as  project 
engineer. 
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ABSTRACT 


Partial  phase  diagrams  are  presented  for  the  systems  titanium- 
aluminum,  titanium-chromium,  titanium-iron,  titanium-chromium-iron,  and 
titanium-oxygen.  All  studies  are  completed  except  for  the  titanium- 
chromium-iron  system,  -which  requires  further  confirmatory  work  in  certain 
areas.  The  results  are  outlined  in  Section  IV  of  this  report  (page  78). 
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PHASE  DIAGRAMS  OF  THE  TITANIUM-ALUMINUM, 
TITANIUM-CHROMIUM-IRON,  AND  T IT AN IUM-OXYGEN  ALLOY  SYSTEMS 


I.  INTRODUCTION 


This  is  a Summary  Report  of  the  second  year’s  work  on  the  extension 
of  Contract  No.  AF  33(038)-8708.  The  object  of  the  extension  was  the 
determination  of  phase  diagrams  of  the  systems  titanium-aluminum,  titanium- 
chromium-iron,  and  titanium-oxygen. 

Micro graphic  analysis  of  annealed  arc  melted  alloys  was  the  principal 
method  used  for  the  determination  of  the  subject  systems.  Thermal  analy- 
sis, incipient  melting  studies,  and  X-ray  diffraction  analysis  were  also 
used  to  obtain  data  on  certain  portions  of  the  systems. 


II.  EXPERIMENTAL  PROCEDURE 


The  alloys  were  prepared  by  arc  melting  on  a copper  block  in  a helium 
atmosphere,  using  a water-cooled  tungsten  electrode.  As  this  method  was 
detailed  in  the  Final  Report  of  last  year’s  work*,  no  further  description 
need  be  given  here.  Where  somewhat  special  techniques  were  used,  they 
are  presented  in  the  section  of  this  report  where  they  apply. 

Sample  preparation  methods,  annealing  procedures,  incipient  melting 
and  thermal  analysis  techniques,  raetallographic  procedures,  and  X-ray 
diffraction  methods  were  essentially  identical  to  those  used  in  last 
•year’s  studies.  Therefore,  the  reader  is  referred  to  the  previous  report 
for  the  procedural  details.  Variations  in  the  techniques  were  required 
in  some  cases;  these  changes  are  presented  in  the  appropriate  sections 
of  this  report. 

A.  Materials 

Iodide  titanium  obtained  from  the  New  Jersey  Zinc  Company  through 
Wright  Air  Development  Center  was  used  for  the  preparation  of  most  of  the 
alloys.  This  metal  had  a purity  of  99.9+%  with  minor  quantities  of  Fe, 

Al,  Mn,  Mg,  Si,  0,  and  N. 

A special  lot  of  high  purity  magnesium  reduced  sponge  titanium  was 
used  to  prepare  a limited  number  of  alloys  for  the  titanium-chromium  and 
titanium-iron  binary  studies.  This  material  had  an  as-cast  hardness  of 
10 3 DFN  and  the  analysis  was  as  follows: 

Air  Force  Technical  Report  No.  622f> 
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Iron 

0.02$ 

Magnesium 

0.01+5 

Silicon 

0.005 

Nickel 

0.003 

Chlorine 

0.06 

The 
the  form 


aluminum  was  obtained  from  the  Aluminum  Company  of  America  in 
of  sheet.  The  given  analysis  was: 


Silicon 

Iron 

Copper 

Magnesium 

Calcium 

Sodium 

Aluminum 


0.0006$ 

0.0005 

0.0022 

0.0003 

<0.0006 

0.0005 

99.99 


Vacuum  melted  iron  and  chromium  were  purchased  from  the  National  Re- 
search Corporation.  The  impurities  in  the  iron  were: 


Silicon 

Nickel 

Phosphorus 

Sulfur 

Carbon 


0.0093$ 

0.012 

0.0023 

0.013 

0.011 


Two  heats  of  chromium  were  used  for  these  studies;  Heat  No.  591  for 
the  titanium-chromium  system,  and  No.  590  for  the  titanium-chromium-iron 
system: 


Impurity 


Heat  No.  591  Heat  No.  590 


Carbon 

Oxygen 

Nitrogen 


0.102$  0.015$ 

0.019  0.066 

0.001?  0.0022 


High  purity  titanium  dioxide  purchased  from  the  National  Lead  Company 
was  used  in  the  preparation  of  the  arc  melted  titanium-oxygen  alloys. 

The  spectro graphic  analysis  of  this  material  is  as  follows: 


Si02 

0.07$ 

Pb 

0.002$ 

FegO^ 

0.002 

Mn 

0.00005 

AI2O3 

0.001 

W 

0.01 

Sb20^ 

0.002 

V 

0.002 

SnO^ 

0.001 

Cr 

0.002 

Mg 

0.001 

Ni 

0.001 

Nb 

0.01 

Mo 

0.002 

Cu 

0.000U 
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B.  Analytical  Methods 

As  weight  losses  during  melting  were  of  minor  proportions  for  all 
systems  studied,  nominal  compositions  were  used  in  plotting  the  data. 

To  further  substantiate  the  use  of  nominal  values,  chemical  analysis  was 
applied  to  a limited  number  of  representative  alloys  in  each  system.  The 
analytical  methods  used  for  the  titanium  alloys  are  summarized  below: 

1.  Aluminum 

Dissolve  appropriate  sample  in  1-3 

Dilute  so  that  concentration  is  5-10%; 

Separate  Ti  with  cupferron  (chloroform  extraction ) ; 

Evaporate  aqueous  material; 

Dilute,  precipitate  A1(0H)^  with  NH^OH,  use  methyl  orange  indicator, 
filter,  ignite  and  weigh  A^O^. 

2.  Iron 

Dissolve  appropriate  sample  in  1-3  ^SO^; 

Dilute  to  150  ml,  add  5 gm  tartaric  acid; 

Add  excess  ammonia  and  some  (NH^^Sp 
Heat  to  coagulate  FeS; 

Filter  off  FeS  and  wash  well  with  hot  water; 

Return  filter  to  original  beaker; 

Dissolve  in  remove  all  NO-j  by  fuming,  dilute  to  150  ml; 

Reduce  by  usual  procedures  (ZnC^j  PbC^,  SnCl2); 

Titrate  iron  with  standard  I^C^Oy  or  KMnO^. 

3 . Chromium 

Dissolve  sample  in  1-3  ^SO^; 

Dilute  to  200  ml,  heat  to  boiling; 

Add  AgNO^  and  oxidize  chromium  with  (NHj^^OgJ 
Precipitate  AgNO^  with  dilute  HC1,  boil  to  coagulate; 

Cool  and  add  excess  of  standard  ferrous  ammonia  sulfate; 

Titrate  with  standard  K^Cr^y  or  KMhO^. 

(This  method  is  essentially  the  same  as  is  used  in  all  ferrous  lab- 
oratories . ) 

H.  Oxygen 

The  liquid  amalgam  reduction  method  developed  by  the  National  Lead 
Company  was  used.  It  is  briefly  as  follows: 


WADC  TR  $2-16 


3 


Dissolve  sample  in  ^SO^-CNH^^SO^; 

Dilute  to  150  ml,  cool,  and  transfer  to  separating  funnel; 
- Add  liquid  zinc -amalgam; 

After  5 min  of  shaking,  add  5 ml  CCl^,  draw  off  amalgam; 
Titrate  with  standard  KMnO^  to  faint  pink. 


III.  RESULTS  AND  DISCUSSION 


A.  The  Titanium-Aluminum  System 

Included  in  the  available  information  concerning  the  phase  relation- 
ships in  titanium-rich  titanium-aluminum  alloys  is  a brief  statement  by 
Brown  (1)  that  "aluminum  raises  the  transformation  temperature  to  1000°C 
(1832 °F)11.  This  observation  is  interesting  in  that  it  is  the  first  example 
of  a metallic  alloying  component  raising  the  transformation  temperature 
of  titanium,  and  consequently  widening  the  field  of  the  alpha  solid  solu- 
tion. Busch  and  Freyer  (2)  presented  resistivity  data  which  indicated 
the  formation  of  titanium-rich  solid  solutions  of  1 and  3$  aluminum  alloys 
prepared  by  powder  metallurgy  methods. 

Duwez  (3)  found  only  one  other  intermediate  phase  besides  the  known 
compound  TiALj  (62.7$  Al).  This  phase,  designated  as  gamma,  is  of  vari- 
able composition;  its  crystal  structure  is  of  the  AuCu  type  and  is 
therefore  based  on  the  composition  TiAl  (36.02$  Al). 

Earlier  work  on  the  constitution  of  the  aluminum-rich  alloys  has 
been  reviewed  by  Hansen  (U),  and  need  not  be  discussed  here.  The  tetra- 
gonal crystal  lattice  of  TiAlo,  as  found  by  Fink,  Van  Horn  and  Budge 
(5),  was  confirmed  by  Brauer  \6).  Recently,  Schubert  (7)  has  reported 
that  TiAlj  is  homogeneous  within  a limited  composition  range;  however, 
the  solubility  limits  were  not  given. 

The  titanium-aluminum  phase  diagram  as  presented  in  this  report  was 
determined  by  micrographic  analysis  of  alloys  containing  from  1 to  62$ 
aluminum,  annealed  at  and  quenched  from  temperatures  between  700°  and 
l!t00°C.  The  phases  and  phase  ranges  investigated  extend  to  the  compound 
TiAlo  (62.7$  Al)  to  join  the  aluminum-rich  end  of  the  system  determined 
by  other  investigators,  thus  completing  the  diagram. 

1.  Experimental  procedure 

All  ingots  were  carefully  weighed  after  arc  melting,  to  detect  pos- 
sible losses.  Comparison  of  weight  before  and  after  melting  showed  no 
appreciable  weight  changes.  Also,  chemical  analyses  were  in  close  agree- 
ment with  nominal  compositions  (Table  I).  The  diagram  as  presented  is. 
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therefore*  based  on  nominal  compositions.  Alloys  were  prepared  having  the 
following  nominal  aluminum  contents:  1 ...  36  (1$  increments),  38,  1*0, 

111,  1*2.5,  1*1*,  1*5,  1*6,  1*7 »5>  1*9  . . . 61*  Ql%  increments),  67,  70,  80,  and 
90. 


TABLE  I 


NOMINAL  COMPOSITIONS  VS  CHEMICAL  ANALYSIS 
FOR  TYPICAL  TITANIUM-ALUMINUM  ALLOYS 


Nominal  Composition,  % A1 

Chemical  Analysis,  % A1 

16.0 

15.81* 

27.3 

27.08 

36.0 

35.89 

1*5.0 

1*1*.  96 

53.0 

53.16 

62.7 

62.97 

Ingots  with  up  to  lh%  aluminum  were  cold  pressed  various  amounts  in 
order  to  increase  the  rate  of  attaining  equilibrium  structures  on  heat 
treatment.  The  amount  of  cold  deformation  that  could  be  applied  decreased 
with  increasing  aluminum  content  until  alloys  containing  12%  or  more 
aluminum  cracked  after  only  a few  per  cent  de format ion. 

Samples  annealed  at  temperatures  of  700* -1000 °C  were  sealed  in 
evacuated  Vycor  bulbs.  From  1000°  to  1200°C,  the  samples  were  treated 
in  sealed  quartz  capsules  under  a partial  pressure  of  argon.  Above 
1200 *C,  an  additional  precaution  was  taken  to  prevent  contamination 
of  the  samples  by  wrapping  them  in  molybdenum  sheet,  to  avoid  contact 
between  specimens  and  the  quartz  capsules  in  which  they  were  sealed 
under  partial  pressure  of  argon.  The  annealing  times  at  the  various 
temperatures  are  presented  in  Table  II. 
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TABLE  II 


ANNEALING  CONDITIONS  FOR  TITANIUM-ALUMINUM  ALLOYS 


Annealing 

Temperature, PC  Time, Hours 


700 

330 

800 

180 

800 

180 

850 

120 

900 

90 

1000 

2k 

1000 

U8 

1050 

2k 

1100 

7 

1150 

6 

1200 

6 

1250 

2 

1300 

1/6 

1350 

1/6 

1350 

1/2 

11*00 

1/6 

Prior  Homogenization  Treatment 


1200 °C  - 2k  hours 


1200°C  - 2k  hours 


The  powders  for  X-ray  diffraction  patterns  were  obtained  by  filing 
or  crushing  annealed  specimens.  The  powiers  thus  obtained  were  sealed 
inside  a capped  titanium  container  which  was,  in  turn,  placed  inside  an 
evacuated  Vycor  capsule  and  heated  to  the  prior  annealing  temperature 
for  a short  time.  The  Vycor  bulbs  were  quenched  in  water,  but  the  bulbs 
were  not  broken  until  the  contents  were  cool. 

Solidus  data  were  determined  by  incipient  melting  techniques.  First,, 
the  melting  temperature  for  a specimen  of  given  composition  was  visually 
observed.  Then  a series  of  specimens  of  the  same  composition  were  quenched 
at  temperature  intervals  below  the  observed  melting,  and  subsequently 
examined  metallographically.  The  accuracy  of  the  solidus  data  is  of  the 
order  of  *15*0.  Liquidus  data  were  obtained  from  cooling  curves  for 
three  titanium-aluminum  alloys. 

Vickers  hardness  data  obtained  using  a load  of  10  or  more  kilograms 
revealed  considerable  scatter  due  to  irregular  or  deformed  impressions. 
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Fairly  uniform  impressions,  and  consequently  more  consistent  data,  were 
obtained  with  a 2 l/2  kilogram  load. 

2.  Results  and  Discussion 

The  essential  features  of  the  phase  diagram  presented  in  Figs.  1 and 
2 are  two  peritectic  reactions,  |3  + melt  y,  and  y + melt  TiAl^, 

at  about  II4.6O0  and  13liO°C,  respectively;  and  one  peritectoid  reaction, 

+ y < •>  a,  at  12l|0°C.  The  temperature  of  the  polymorphic  transforma- 
tion of  titanium  is  raised  by  addition  of  29$  aluminum  from  885°  to  12ij.0oC, 
giving  rise  to  extended  ranges  of  alpha  and  beta  solid  solutions.  The 
solubility  of  aluminum  in  alpha  titanium  is  approximately  2b.  5%  at  900*0, 
and  increases  to  31%  aluminum  at  12li.0oC.  The  intermediate  phase,  gamma, 
is  homogeneous  over  a range  of  composition  from  about  37  to  60%  aluminum 
at  the  solidus  temperature,  and  from  35.5  to  kb. 5%  at  800°C.  The  phase 
relationships  for  the  alloys  higher  in  aluminum  content  than  the  compound 
TiAlo  (62.75?  Al),  which  are  included  in  Fig.  2,  are  based  on  earlier  work 

($)• 


a.  Structural  characteristics 

Microstructures  of  alloys  quenched  from  the  various  phase  fields 
are  shown  in  Figs.  3-19* 

Specimens  quenched  from  the  beta  field  of  the  diagram  revealed  a 
transformation  of  beta  to  serrated  alpha  (Fig.  3).  The  duplex  structure 
of  specimens  quenched  from  the  narrow  a + J3  field  is  shown  in  Figs.  I4. 
and  9.  Alloys  quenched  from  the  alpha  phase  field  were  characterized 
by  equiaxed  grains  of  alpha  solid  solution  (Figs.  6 and  7)* 

The  first  trace  of  gamma  appears  as  a precipitate  of  small  particles 
along  parallel  striations  in  the  alpha  grains  (Fig.  8).  At  slightly 
higher  aluminum  contents,  in  the  temperature  range  700°-1000°C,  gamma 
precipitates  from  the  alpha  solid  solution  in  a lamellar  fashion.  This 
precipitate  appears  to  have  nucleated  at  the  grain  boundaries  and  sub- 
sequently grown  into  the  striated  alpha  grains  (Fig.  9).  The  amount  of 
the  lamellar  structure  varies  from  traces  up  to  100$  (Fig.  10),  depending 
on  the  composition  and  time  at  temperature  of  annealing.  The  precipita- 
tion results  from  the  large  decrease  in  the  solid  solubility  of  aluminum 
in  alpha  titanium,  varying  from  about  31$  at  12i|0oC  to  2b. 9%  at  800°C. 
Massive  gamma  appeared  in  alloys  with  an  aluminum  content  greater  than 
31$  (Fig.  11).' 

A typical  structure  of  alloys  quenched  from  the  p + y field  is  shown 
in  Fig.  12.  As  in  all  alloys  quenched  frcm  the  beta  field  at  this  tem- 
perature level,  the  white  phase  appears  serrated  due  to  the  transforma- 
tion p —*■  a during  the  quench.  The  gamma  phase  has  precipitated  in  parallel 
plates  along  the  boundaries  of  the  original  beta  grains. 

The  structure  of  the  gamma  phase  at  36$  aluminum  is  shown  in  Fig.  13. 

As  depicted  in  Fig.  1,  this  phase  is  homogeneous  over  a wide  range  of  com- 
position. Alloys  with  higher  aluminum  contents  approaching  the  y/y  + TiAl^ 
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TEMPERATURE, PC 


TEMPERATURE 
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Neg.  No.  3725  X250 

Fig.  3 

23%  nominal  aluminum  alloy  water 
quenched  after  annealing  2 hours  at 
1230 °C . Typical  serrated  a transfor- 
mation structure  of  alloys  quenched 
from  the  |3  phase  field. 


Neg.  No.  31*10  X250 

Fig.  k 

7%  aluminum  alloy  pressed  70$  and 
water  quenched  after  30  hours  at 
1000°C.  The  structure  shows  a mix- 
ture of  isothermal  a plus  trans- 
formed p (dark). 


V 


Neg.  No.  31*02  X150 

Fig.  3 

23/S  aluminum  alloy  water  quenched 
after  6 hours  at  1200 °C.  Structure 
shows  a plus  transformed  {3. 


Neg.  No.  331*0  X230 

Fig.  6 

8$  aluminum  alloy  pressed  33$  and 
water  quenched  after  21*  hours  at 
1000°C.  Large  equiaxed  grains  of  a 
titanium. 


Etchant:  2%  HF,  3%  HNO3  in  water 
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Neg.  No.  331x1  X230 

Fig.  7 

23/o  aluminum  alloy  water  quenched 
after  2lj.  hours  at  1000°C.  Large 
equiaxed  grains  of  a titanium. 


Neg.  No.  3i£3  X130 

Fig.  9 

27.3%  aluminum  alloy  water  quenched 
after  180  hours  at  800°C.  Structure 
shows  nucleation  and  growth  of  a 
lamellar  precipitate  of  TiAl  in  a. 
Note  the  striations  in  the  a grains. 


Etchant:  2%  HF,  3%  HNO3  in  water 


/ / 


Neg.  No.  331x9  X230 

Fig.  8 

23%  aluminum  alloy  water  quenched 
after  120  hours  at  830°C.  Structure 
shows  traces  of  TiAl  precipitated 
along  parallel  planes  in  a grains. 


Neg.  No.  31x13  X800 

Fig.  10 

30%  aluminum  alloy  water  quenched 
after  2lj.  hours  at  1000  °C.  Fine 
lamellar  structure  of  TiAl  and  a 
titanium. 
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Neg.  No.  3U0U  X250 

2^HF,3^HN03  in  water 

Fig.  11 

3h%  aluminum  alloy  water  quenched 
after  6 hours  at  1200°C.  Structure 
shows  the  last  traces  of  a in  TiAl 
matrix. 


Neg.  No.  31*0?  X150 

Polarized  light  Unetched 


Fig.  13 

36%  aluminum  alloy,  pressed  23%  and 
water  quenched  after  2l±  hours  at 
1000°C.  Equiaxed  grains  of  y phase 
as  revealed  by  polarized  light. 


Neg.  No.  361*1  X200 

60 glycerine , 2OHNO3 , 20HF 

Fig.  12 

32%  aluminum  alloy  water  quenched 
after  l/2  hour  at  133>0°C.  Serrated 
a grain  structure  with  y phase  char- 
acteristic of  alloys  quenched  from 
the  p + y phase  region  of  the  diagram. 

* * « , . i » 

* - * ' " \ 
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Neg.  No.  361*2  X800 

60  glycerine , 2OHNO3 , 20HF 

Fig.  11* 

k9%  aluminum  alloy  homogenized  at 
1200 °C,  furnace  cooled  and  water 
quenched  after  I4.8  hours  at  1000°C. 
Structure  shows  a Widmannstatten 
pattern  of  TiA^  platelets  pre- 
cipitated in  a y matrix. 
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Neg.  No.  361+3  X800 

60  glyce rine , 2OHNO3 , 20HF 

Fig.  15 

66$  aluminum  alloy  treated  as  in  Fig. 
Hi.  Structure  shows  Widmannstatten 
pattern  of  TiAlo  precipitate  plus 
massive  globules  of  TiAl3  in  a y 
matrix. 


Neg.  No.  31+90  X100 

Polarized  light  Unetched 


Fig.  17 

61$  aluminum  alloy,  as  cast.  Struc- 
ture shows  primary  plates  of  y in  a 
TiAlo  matrix,  giving  evidence  that 
TIA.I3  was  formed  by  a peritectic 
reaction. 


Neg.  No.  331+6  X260 

60  glycerine, 2OHNO3, 20HF 

Fig.  16 

61$  aluminum  alloy  water  quenched 
after  21+  hours  at  1000 0 G . Structure 
shows  large  primary  plates  of  y 
phase  plus  Widmannstatten  platelets 
of  precipitated  y in  TIA.I3  matrix. 


Fig.  18 

62$  aluminum  alloy,  as  cast.  Struc- 
ture shows  further  evidence  of  a 
peritectic  reaction.  Micrograph 
shows  two  y plates  surrounded  by 
peritectically  famed  TIA.I3  which, 
in  turn,  is  surrounded  by  low  melt- 
ing aluminum  in  the  interstices. 
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Neg.  No.  36 lil;  X250 

60  glycerine, 20HNO^,20HF 

Fig.  19 

6h%  aluminum  alloy,  as  cast.  Struc- 
ture shows  primary  TiAl^  surrounded 
by  aluminum  in  the  grain  interstices. 


Ui 
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boundary  become  increasingly  brittle  and  contain  many  cracks,  but  the 
structure  of  these  alloys  after  annealing  treatments  shows  the  same 
response  to  polarized  light  as  does  the  36$  aluminum  alloy  of  Fig.  13. 

In  the  as-cast  condition,  these  alloys  were  cored.  Although  homogeniza- 
tion anneals  for  as  long  as  21*  hours  at  1200°C  almost  completely  eliminated 
coring,  traces  of  residual  inhomogeneity  within  the  grains  caused  some 
difficulty  in  accurately  locating  the  y/y  + TiAlo  boundary.  linger 
homogenization  times  could  possibly  have  eliminated  this  small  amount 
of  residual  coring;  however,  longer  exposure  times  at  these  high  tempera- 
tures were  considered  impractical.  The  resulting  scatter  in  data  limits 
the  accuracy  of  locating  the  y/y  + TiAl^  boundary  to  about  *1$. 

Figure  lit  illustrates  the  structure  of  a homogenized  1*9$  aluminum 
alloy  quenched  after  1*8  hours  at  1000  °C,  and  shows  a Widmannstatten  pat- 
tern of  TiAl^  platelets,  which  precipitated  from  the  saturated  gamma 
phase.  Given  the  same  treatment,  alloys  containing  fj6-f>9$  aluminum 
revealed  a similar  Widmannst'dtten  precipitation  of  TiAl^  in  a gamma  matrix 
with  the  addition  of  massive  TiAl^  globules  (Fig.  15).  The  latter  were 
apparently  formed  by  the  peritectxc  reaction  y + melt  — TiAljj,  due  to 
the  rapid  solidification  of  the  ingot,  and  were  not  fully  absorbed  by 
the  gamma  phase  during  the  subsequent  homogenization  anneal. 

Figure  16  illustrates  the  structure  of  a 61$  aluminum  alloy  quenched 
from  1000° C,  and  shows  primary  plate -like  crystals  of  the  gamma  phase  in 
a matrix  of  TiAl-,.  The  W idmanns t'At ten  pattern  in  the  TiAl^  matrix  devel- 
oped during  the  anneal,  and  represents  gamma  platelets  precipitated  from 
the  saturated  TiAl-j  phase.  This  proves  that  TiAl^  has  a certain  homo- 
geneity range  which  becomes  narrower  with  fall  intempe  nature.  The  extent 
of  this  range  was  not  determined,  because  this  subject  is  beyond  the  scope 
of  the  investigation.  Since  no  detailed  information  cn  the  homogeneity 
range  of  this  compound  is  available,  the  TiAl-j  phase  in  Fig.  1 was  arbi- 
trarily indicated  as  a vertical  line.  The  fact  that  TiAl^  is  homogeneous 
within  a limited  composition  range  has  been  reported  recently  by  Schubert 
(7)  without  giving  the  solubility  limits. 

The  TiAl-j  phase,  previously  reported  (5)  to  have  a maximum  melting 
point,  is  formed  by  the  peritectic  reaction  Melt  + y— > TiAl^.  Evidence 
of  this  is  given  in  the  as-cast  structure  of  alloys  with  61  and  62$ 
aluminum  (Figs.  17  and  18).  Figure  18  exhibits  primary  gamma  plates 
surrounded  by  pieritectically  formed  TIA.I3,  which  in  turn  is  surrounded 
by  the  low  melting  aluminum  phase  seen  in  the  fine  interstices  of  the 
TiAl^  crystals.  The  positive  identification  of  the  gamma  and  TiAl^ 
phases  was  aided  by  their  highly  different  characteristics  when  examined 
under  polarized  light.  At  aluminum  contents  higher  than  that  of  the 
TiAlo  phase,  the  structure,  as  shown  in  Fig.  19,  reveals  primary  TiAl^ 
phase  surrounded  by  low  melting  aluminum. 

b.  X-ray  diffraction  results 

X-ray  diffraction  studies  were  made  on  a series  of  alpha  solid  solu- 
tion alloys  and  also  a series  of  single  phase  gamma  alloys,  to  determine 
the  lattice  parameters  and  the  solubility  limits  of  aluminum  in  the  alpha 
and  gamma  phases.  It  was  also  desired  to  determine  whether  the  beta  to 
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alpha  transformation  on  quenching  alloys  from  the  beta  field  could  be  sup- 
pressed. 

A summary  of  the  lattice  parameter  measurements  for  the  alpha  phase 
is  given  in  Table  III.  A graphic  presentation  of  the  effect  of  aluminum 
additions  on  the  parameters  of  the  hexagonal  close  packed  lattice,  as 
shown  in  Fig.  20,  reveals  the  very  pronounced  effect  of  initial  additions 
of  aluminum  on  the  dimensions  of  the  titanium  lattice.  Near  the  solubility 
limit,  the  curves  appear  to  flatten  off  greatly.  The  markedly  reduced 
slope  of  the  parameter  curves  makes  a parametric  determination  of  the 
alpha  solubility  limit  impractical.  The  X-ray  results  also  con filmed 
the  metallo graphic  observation  that  the  beta  phase  is  not  retained  by 
rapid  quenching. 

The  crystal  structure  of  the  gamma  phase  between  38  and  55  weight 
per  cent  aluminum  is  ordered  face  centered  tetragonal,  with  an  axial 
ratio  close  to  unity.  A summary  of  the  lattice  parameter  measurements 
is  presented  in  Table  IV,  and  a graphic  representation  appears  in  Fig.  21. 
The  lattice  parameters  are  linearly  dependent  upon,  and  show  increasing 
tetragonality  with,  increasing  percentages  of  aluminum.  These  alloys 
have  been  quenched  from  1200°C,  indicating  that  either  the  ordered  struc- 
ture is  stable  to  high  temperatures,  or  the  disorder  ->  order  transforma- 
tion, if  any,  cannot  be  suppressed  by  quenching. 

TABLE  III 

LATTICE  PARAMETERS  OF  THE  ALPHA  TITANIUM- ALUMINUM  PHASE 


m.%  Ai 

At  4 Al 

c (A) 

a (A) 

c/a 

Quenched 

from 

0 

0 

U.679 

2.91*3 

1.591 

85o°c 

1* 

6.88 

I*.  668 

2.929 

1.591* 

85o  °c 

7 

11.81 

1*.670 

2.923 

1.598 

1000 °c 

9 

1U.95 

l*.66l 

2.921* 

1.591* 

1000  °c 

10 

16.1*9 

1+.661 

2.912 

1.601 

85o  °c 

16 

25.27 

U-633 

2.892 

1.602 

85o°c 

22 

33.39 

1*.619 

2.882 

1.603 

850°c 

25 

37.15 

i*.  611* 

2.881 

1.602 

85o°c 

29 

1*2 .01* 

I*.  617 

2.878 

1.601* 

1200 °c 

TABLE  IV 

LATTICE  PARAMETERS  OF  r 'HE  GAMMA  TITANIUM- ALUMINUM  PHASE 


Wt.jC  Al 

At  4 Al 

c (A) 

a (A) 

c/a 

Quenched 

from 

38 

52.13 

i*.o65 

3.981* 

1.020 

1200°C 

1*1 

55.23 

1*.067 

3.972 

1.021* 

1200 °C 

1*6 

60.22 

1*.085 

3.967 

1.030 

1200°C 

55 

68.1*7 

1*.089 

3.91*9 

1.035 

1200 °C 
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c.  Melting  range  determinations 

The  data  shown  in  Fig.  22  were  obtained  by  incipient  melting  and 
thermal  analysis  methods.  The  solidus  curve  shows  that  aluminum  additions 
lower  the  melting  point  of  titanium  to  approximately  ll*60°C  at  3b* 5% 
aluminum . From  38  to  60%  aluminum,  a change  in  slope  of  the  solidus 
curve  occurs,  which  is  in  excellent  agreement  with  the  liquidus  points 
of  alloys  with  39,  1+5,  and  $0%  aluminum,  determined  by  theimal  analysis 
(Fig.  22).  All  the  evidence  indicates  that  there  is  a peritectic  reac- 
tion J3  + melt  —*■  y at  a temperature  close  to  Hj.60°C  between  approximately 
31+.5  and  38.5%  per  cent  aluminum.  This  correlates  very  well  with  an 
extrapolation  of  the  boundaries  of  the  {3  + y field  as  shown  in  Fig.  1. 

Thermal  analysis  did  not  give  a definite  indication  of  the  width 
of  the  melting  range  for  the  three  alloys  tested  (39,  1+5,  and  $0%  Al)$ 
but  together  with  incipient  melting  data,  the  range  appears  to  be  fairly 
narrow  for  the  compositions  investigated. 

Some  scatter  of  the  melting  temperature  was  encountered  in  dete min- 
ing the  melting  points  of  the  60-61$  aluminum  alloys,  because  of  the 
presence  of  low  melting  aluminum  phase  formed  by  the  incomplete  peritectic 
reaction.  The  peritectic  temperature  of  13U0°C  shorn  in  the  diagram 
(Fig.  1)  is  lower  than  the  1355°C  melting  point  of  TiAlo  reported  by 
Manchot  and  Leber  (8).  These  authors  did  not  investigate  alloys  with 
lower  aluminum  contents  than  T1AI3,  and  consequently  failed  to  observe  a 
peritectic  reaction.  On  the  other  hand,  the  present  data  are  based  on 
the  extrapolation  of  the  y/y  + TiAlo  boundary,  together  with  microscopic- 
ally observed  evidence  of  a peritectic  structure. 

d.  Hardness  test  results 

Vickers  hardness  data  for  as-cast  alloys  and  those  heat  treated  at 
800°  and  1200 °C  are  presented  graphically  in  Fig.  23.  The  data  include 
alloys  from  0 to  90 % aluminum. 

Aluminum  is  a very  effective  hardener  of  alpha  titanium.  The  hard- 
ness curves  show  an  increase  in  hardness  in  the  1-25%  aluminum  alpha 
solid  solution  range.  A maximum  hardness  peak  is  reached  at  25  or  30% 
aluminum,  depending  on  the  treatment.  This  composition  range  exhibited 
the  most  scatter  in  hardness  data.  It  appeared  that  most  of  the  scatter 
was  due  to  the  brittle  characteristics  of  the  alloys  in  this  range  of 
composition. 

Alloys  containing  25-35%  aluminum,  which  structurally  revealed  an 
increased  amount  of  gamma  phase,  showed  decreasing  hardness,  reaching  a 
minimum  value  for  the  36%  aluminum  alloy.  This  alloy  has  been  identified 
metallographically  as  a single  phase,  gamma. 

Hardness  in  the  l|0-60%  aluminum  composition  range  increases  to  a 
second  maximum  in  the  hardness  curve,  which  occurs  at  TIAI3  (62.7%  Al). 


WADC  TR  52-16 


19 


ATOMIC  PERCENT  ALUMINUM 

10  20  30  40  50  60  70  80 


Fig.  22  - Molting  Ranges  for  the  Titan ium-Alnaimai 
System 
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Hardness  data  for  alloys  higher  than  60%  aluminum  were  restricted  to 
as-cast  alloys.  The  hardness  drops  sharply  from  62  to  90%  aluminum,  and 
levels  off  to  approximately  the  hardness  of  pure  aluminum. 

B.  The  Titanium-Chromium-Iron  System 

When  the  study  of  the  titanium-chromium-iron  system  was  first  initiated, 
no  determination  of  the  two  binary  systems  titanium-chromium  and  titanium- 
iron  had  been  made  using  high-purity  titanium.  Therefore,  the  first  objec- 
tive was  to  accurately  locate  the  phase  boundaries  using  high  purity  alloys. 
The  earlier  and  contemporary  studies  of  the  binaries  are  reviewed  in  detail 
in  the  sections  of  this  report  relating  to  the  respective  systems. 

1.  The  Titanium-Chromium  and 

Titanium-Iron  Systems 

a.  Experimental  procedure 

Special  high  purity  sponge  titanium,  manufactured  by  the  Bureau  of 
Mines,  was  used  in  the  preparation  of  many  of  the  alloys.  The  analysis 
of  this  material  appears  in  a previous  section  of  this  report.  With  an 
as-cast  hardness  of  10 5 DPN,  it  compares  favorably  with  iodide  titanium 
(70-90  DPN).  As  a further  check  on  the  high  purity  of  the  Bureau  of 
Mines  titanium,  samples  of  cold  worked  sheet  were  annealed  at  10°C  inter- 
vals for  l/2  hour.  The  results  place  the  transformation  temperature 
between  880°  and  890°C,  in  good  agreement  with  that  of  iodide  titanium 
(885°C).  Microstructures  obtained  are  identical  to  those  of  iodide 
titanium,  thus  verifying  the  excellent  purity  of  the  metal. 

The  charges  for  the  arc  melting  furnace  were  weighed  to  a thousandth 
of  a gram  and  the  ingots  were  weighed  equally  accurately  after  melting. 

With  the  exception  of  a few  ingots  in  the  high  chromium  region,  only 
small  weight  losses  were  obtained.  This  indicates  that  the  actual  com- 
positions must  follow  the  nominal  compositions  very  closely.  The  average 
weight  loss  for  iodide  titanium  melts  was  about  0.02  gram,  and  that  for 
the  Bureau  of  Mines  melts  of  the  order  of  0.2  gram.  The  higher  weight 
losses  of  the  Bureau  of  Mines  titanium-base  alloys  were  due  to  the  fact 
that  it  was  charged  as  sponge.  The  results  of  typical  check  analyses 
are  shown  in  Table  V. 
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TABLE  7 

TYPICAL  CORRELATION  BETWEEN  NOMINAL  COMPOSITION  AND  CHEMICAL  ANALYSIS 


FOR  TITANIUM-CHROMIUM  AND  TITANIUM-IBQN  ALLOYS 

Alloy  Designation* 

Nominal 
Compos it ion, $ 

Chemical  Analysis 
Iron,$  Chromium,$ 

BF1U-918 

111 

11*.  26 

BF3 2-930 

32 

32.17 

BF36-931 

36 

35.61 

BCll*-957 

111 

ill.  35 

BC 50-971 

50 

1i9.87 

B = Bureau  of  Mines  titanium;  F = iron;  C = chromium.  For 
example,  BFlU-918  indicates  a ll*$  iron  alloy  made  with 
Bureau  of  Mines  titanium,  heat  number  918. 


Most  alloys  capable  of  being  deformed  were  cold  pressed  in  order  to 
increase  the  rates  of  attaining  equilibrium  on  heat  treatment.  Titanium- 
iron  alloys  under  3%  iron  were  cold  pressed  25-50$,  but  the  h%  alloy 
cracked  with  slight  deformation.  The  2$  chromium  alloy  cracked  with 
cold  pressing. 

Coring  was  observed  above  11$  iron  and  6$  chromium;  therefore  these 
alloys  were  homogenized  at  1050°C  for  2U— J4.8  hours.  The  annealing  times 
varied  from  one  or  two  days  at  1050°C  to  a month  at  and  below  550°C. 

At  more  elevated  temperatures,  the  times  were  shorter,  in  o idler  to  keep 
surface  contamination  at  a minimum.  At  1260 °C,  samples  were  annealed 
for  two  hours,  and  at  1385°C,  20  minutes  was  the  time  used. 

Thermal  analysis,  metallographic  analysis  after  isothermal  annealing, 
and  incipient  melting  techniques  were  used  to  determine  the  melting  range 
of  the  alloys.  The  samples  for  metallographic  analysis  were  separated 
with  molybdenum  sheet  to  prevent  contact  in  case  of  melting.  Solidus 
data  were  determined  by  incipient  melting  techniques,  for  which  the  first 
visual  sign  of  melting  on  heating  was  used.  The  accuracy  of  the  incipient 
melting  data  is  estimated  to  be  *25°C;  and  that  of  other  melting  range 
determinations  is  ±10°C. 

b.  Results  and  discussion 

(1)  The  system  titanium-chromium 

In  the  first  reported  work  on  this  system,  Vogel  and  Wenderott  (9) 
roughly  outlined  the  phase  diagram  within  the  range  of'  composition  1*2-100$ 
chromium.  They  reported  the  existence  of  the  compound  TioCr2 (1*2.0$  Cr), 
was  said  to  form  a eutectic  at  1*8$  chromium  and  ll*00°C  with  a chromium- 
rich  solid  solution  containing  26$  titanium.  A tentative  phase  diagram 
of  the  titanium-rich  alloys,  based  on  magnesium-reduced  titanium,  was 
given  by  Craighead,  Simmons  and  Eastwood  (10).  According  to  their  data. 
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the  transformation  temperature  of  titanium  is  lowered  by  the  addition  of 
chromium,  giving  rise  to  an  extended  beta  field  and  a restricted  alpha 
field.  McPherson  and  Fontana  (11)  have  published  photomicrographs  of 
alloys  with  up  to  18%  chromium,  prepared  with  magnesium-reduced  titanium, 
after  various  heat  treatments.  They  concluded  that  about  10%  or  more 
chromium  apparently  stabilizes  the  beta  solid  solution  down  to  low  tem- 
peratures, as  no  phase  changes  occurred  in  these  alloys  on  air  cooling 
from  the  beta  field. 

Micrographic  analysis  of  the  whole  system  by  M.  K.  McQuillan  (12), 
using  magnesium -reduced  titanium,  resulted  in  the  diagram  presented  in 
Fig.  2k;  the  data  points  are  indicated.  Metallographic  evidence  was  given 
of  the  decomposition  of  the  continuous  series  of  solid  solutions  between 
beta  titanium  and  chromium  by  precipitation  of  the  intermediate  phase, 
T^Cr^  (62.0%  Cr),  within  a wide  range  of  composition.  The  titanium-rich 
beta  phase  is  shown  to  decompose  eutectoidally  at  a temperature  somewhat 
above  650 °C,  the  composition  of  the  eutectoid  being  about  16%  chromium. 
McQuillan  established  the  fact  that  the  only  intermediate  phase  in  this 
system  is  not  Ti^jCr^,  but  one  having  a composition  close  to  62  weight 
per  cent  chromium;  she  therefore  assigned  the  formula  T^Cr^. 

The  partial  diagram  given  by  Duwez  and  Taylor  (13),  determined  with 
iodide  titanium-base  alloys,  shows  that  the  beta  solid  solution  with 
about  1 h»S%  chromium  decomposes  at  approximately  660°C  into  a eutectoid 
of  alpha  and  the  compound  TiCr2(68.5%  Cr).  The  existence  of  the  latter 
was  established  by  study  of  the  crystal  structure,  which  is  face-centered 
cubic  with  2k  atoms  per  unit  cell  (MgCu2  type).  The  solubility  of  chrom- 
ium in  alpha  titanium  at  the  eutectoid  temperature  was  estimated  to  be 
1%  or  less  chromium.  The  solubility  of  chromium  in  beta  titanium  at 
1100 °C  was  found  to  be  26. 3% • 

(a)  Metallographic  studies 

The  partial  phase  diagram  shown  in  Fig.  25  has  been  determined  mainly 
by  micrographic  analysis  of  alloys  with  0.5-75%  chromium,  annealed  at  and 
quenched  from  temperatures  between  650°C  and  ll|20°C.  Results  are,  in 
general,  in  accordance  with  the  phase  diagram  given  by  M.  K.  McQuillan 
(12)  (see  Fig.  21*). 

High-purity  Bureau  of  Mines  sponge  titanium  was  used  in  the  prepara- 
tion of  alloys.  Eight  iodide  titanium-base  alloys  of  0.5-13%  chromium 
were  made  to  check  any  differences  between  the  structures  of  the  two 
types  of  titanium-base  alloys.  Comparing  Fig.  25  with  the  insert  of 
that  figure,  it  can  be  seen  that  for  the  data  points  obtained,  there  is 
no  apparent  difference  between  the  two  for  the  p/a  + p boundary. 

The  maximum  solubility  of  chromium  in  alpha  titanium  is  less  than 
0.5%.  Beta  titanium  is  retained  upon  water  quenching  alloys  in  which 
the  beta  phase  contains  at  least  7%  chromium. 
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The  eutectoid  point  is  located  at  15$  chromium,  between  675°C  and 
700 °C.  Figure  26  illustrates  the  eutectoid  decomposition  of  the  beta 
phase,  and  shows  that  it  was  confined  mostly  to  the  grain  boundaries,  even 
after  15  days'  annealing  at  675°C. 

After  annealing  at  650°C  for  13  days,  typical  lamellar  eutectoid  de- 
composition was  observed  only  in  alloys  containing  more  than  12$  chromium. 
The  microstructures  of  alloys  of  lower  chromium  content  consisted  of  fine 
Widmanns tatten  alpha  in  beta,  and  some  alloys  showed  the  start  of  eutectoid 
at  the  grain  boundaries.  The  microstructure  of  such  an  alloy  is  shown  in 
Fig.  27,  and  is  compared  to  the  same  alloy  annealed  above  the  eutectoid 
temperature  (Fig.  28).  The  amount  of  decomposition  in  alloys  annealed  at 
650°C  increased  with  chromium  content  up  to  22$  chromium  (the  alloy  of 
highest  chromium  content  annealed  at  this  temperature  level).  Microstruc- 
tures of  alloys  annealed  at  600°C  were  extremely  fine  and  unresolvable. 

Oxygen  contamination  greatly  increases  the  rate  of  eutectoid  decom- 
position. This  was  proved  by  simultaneously  annealing  an  18$  Bureau  of 
Mines  titanium-base  alloy  and  a 17$  Process  A titanium-base  alloy  (con- 
taining approximately  0.15$  oxygen)  for  one  day  at  635°G.  In  the  high 
purity  18$  chromium  alloy,  the  beta  solid  solution  was  eutectoidally 
decomposed  about  15$,  as  compared  to  the  lower  purity  17$  chromium  alloy, 
in  which  beta  was  decomposed  approximately  95% . 

The  absence  of  a eutectic  was  established  by  means  of  both  thermal 
and  micrographic  analysis.  Above  approximately  1350°C,  beta  titanium  and 
chromium  are  completely  mutually  soluble.  Upon  cooling  alloys  between  15 
and  75$  chromium  from  the  beta  region,  TiC^  is  rejected. 

Two  thermal  arrests  were  obtained  in  cooling  curves  for  alloys  con- 
taining U8,  55)  63)  and  68$  chromium,  as  shown  in  Fig.  25.  The  first 
indicates  the  start  of  solidification,  and  the  second  break  gives  the 
first  thermal  evidence  of  the  breakdown  of  the  beta  solid  solution.  It 
will  be  noted  that  the  second  arrest  shows  increasing  deviation  from  the 
indicated  p/p  + TiCrp  boundary,  as  the  chromium  content  decreases.  This 
can  be  explained  by  the  fact  that  appreciable  heat  evolution  for  this 
precipitation  is  detected  only  when  relatively  large  quantities  of  com- 
pound are  rejected. 

Micrographic  evidence  of  the  precipitation  of  TiCrp  from  the  beta 
phase  is  given  by  the  microstructure  of  a chill -cast  £0%  chromium  alloy 
(Fig.  29)  and  that  of  an  alloy  with  i;8$  chromium  slowly  cooled  from  the 
molten  state  (Fig.  30).  These  structures  definitely  show  a Widmanns tatten 
type  precipitate  formed  by  cooling  from  a single  phase  field  into  a two- 
phase  field,  and  are  not  of  eutectic  origin. 

Figures  31  and  32  illustrate  the  micro structures  of  a 66$  chromium 
alloy  quenched  from  the  beta  and  the  p + TiCr2  fields,  respectively. 

Upon  quenching  from  1385°C  in  the  beta  field,  the  solid  solution  broke 
down  into  the  serrated  structure  shown  (Fig.  31).  An  X-ray  diffraction 
pattern  of  this  alloy  showed  it  to  be  almost  entirely  TiCr2.  Annealing 
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Neg.  No.  3731a  X500 

Fig.  26 

An  18$  chromium  alloy,  homogenized, 
annealed  at  675°C  for  36 0 hours. 
Eutectoid  decomposition  occurs  mostly 
along  the  grain  boundary.  Matrix  is 
retained  (3  with  a few  compound  crys- 
tals . 


Neg.  No.  3750  X750 

Fig.  27 

An  8$  chromium  alloy,  homogenized, 
annealed  at  650°C  for  305  hours,  a 
plus  metastable  |3  showing  the  start 
of  eutectoid  decomposition  in  the 
grain  boundary. 


Neg.  No.  3751  X750 

Fig.  28 

Same  alloy  as  Fig.  27,  homogenized, 
annealed  at  70O°C  for  190  hours, 
a + p. 


Etchant:  60  glycerine,  20  HNO3,  20  HF 
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Neg.  No.  35U4.  X250 

Fig.  29 

A 50p  chromium  alloy,  arc  melted  and 
chill  cast.  J3  with  precipitate  of 
compound  rejected  from  the  cored 
solid  solution  during  fast  cooling. 


Neg.  No.  3519 


X250 


Fig.  30 

A 1*8/6  chromium  alloy,  slowly  cooled 
in  a graphite  crucible.  No  eutectic 
is  indicated.  Structure  is  of  Wid- 
mannst^tten  type  typical  of  an  alloy 
cooled  from  a one  phase  field  into 
a two  phase  field. 
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Neg.  No.  371*7 


X250  Neg.  No.  371*6 


X250 


Fig.  31 

A 66%  chromium  alloy,  annealed  at 
1385 °C  for  20  minutes  and  water 
quenched.  Serrated  compound  showing 
that  the  alloy  was  in  the  p field 
prior  to  quenching. 


Fig.  32 

Same  alloy  as  Fig.  31*  but  annealed 
at  1260°C  for  2 hours  and  water 
quenched.  Almost  entirely  equiaxed 
grains  of  TiCr2  with  a trace  of  p. 


Etchant:  60  glycerine,  20  HNO^,  20  HF 
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at  1260  °C  resulted  in  the  micro structure  shown  in  Fig.  32.  The  equiaxed 
grains  illustrate  that  the  compound  was  formed  iso thermally,  and  that 
the  alloy  contains  only  traces  of  beta.  From  the  microstructure  of  the 
series  of  alloys  annealed  at  1260°C,  the  compound  has  been  shown  to 
exist  over  a small  composition  range  (67-68%  Cr). 

It  may  be  noted  that  TiCr2  showed  twinning  in  the  microstructures 
of  samples  that  had  been  deformed  and  subsequently  annealed  at  675°C. 
This  phenomenon  was  not  further  investigated. 


(b)  Melting  range  determinations 


Incipient  melting  data  were  used  to  outline  the  melting  range  of 
alloys  with  up  to  68$  chromium.  As  these  determinations  were  of  a com- 
paratively low  order  of  accuracy,  they  are  used  only  to  locate  the  dotted 
melting  range  up  to  hp%  chromium. 

Detection  of  melting  in  isotheimally  annealed  samples  checked  incipi- 
ent melting  data  at  21$  chromium,  and  was  used  to  locate  the  minimum 
melting  temperatures  at  kS%>  chromium.  Partial  melting  in  annealed  samples 
was  also  detected  at  higher  chromium  contents,  thus  establishing  the 
flat  solidus  curve  between  and  75$  chromium. 

Thermal  analysis  located  the  liquidus  curve  at  higher  chromium 
contents  and  verified  the  minimum  melting  point  at  1;5$  chromium.  That 
carbon  contamination  did  not  lead  to  large  errors  in  thermal  analysis 
data  was  proved  in  the  following  manner:  Cooling  curves  were  determined 

for  two  1;8$  chromium-titanium  alloys  and  the  liquidus  points  agreed 
within  less  than  3>°C.  However,  the  microstructure  of  one  showed  no 
visible  carbides  (Fig.  30),  while  the  other  showed  appreciable  amounts 
of  carbide  in  the  microstructure.  Thus,  even  though  the  carbon  contamin- 
ation was  apparently  quite  different,  the  thermal  analysis  data  agreed 
closely.  The  results  of  high  temperature  annealing  treatments  are  shown 
in  Table  VI,  and  substantiate  the  thermal  analysis  data. 
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TABLE  VI 


MELTING  RANGE  DETERMINATIONS  FOR  TITANIUM-CHROMIUM  ALLOYS 


A.  Thermal  Analysis 

Inflection  Temperatures,  °C 
Nominal  $ Cr  Liquidus  Compound  Rejection 


68 

15U1* 

131*1* 

61* 

H*9l* 

131*2 

55 

11*07 

1271 

1*8  (Alloy  1) 

1381* 

1201 

1*8  (Alloy  2) 

1382 

1202 

1*0 

1383 

Nominal  $ Cr 

B.  Annealing  Treatments 
Temperature, °C  Outward  Appearance 

Microstructure 

1*5 

1380 

No  melting 

No  melting 

1*5 

1390 

Complete  melting 

— 

69 

11*20 

No  melting 

Partial  melting 

70 

11*20 

11 

11 

72 

11*20 

n 

n 

75 

11*20 

u 

No  melting 

(2)  The  System  Titanium-Iron 

In  the  following  discussion,  only  the  constitution  of  the  titanium- 
rich  alloys  with  compositions  up  to  and  including  the  phase  TiFe  (53.8$ 
Fe)  will  be  considered.  Laves  and  Wallbaura  (11*)  briefly  reported  that 
the  two  compounds  Ti2Fe  (36.8$  Fe;  face  centered  cubic  with  96  atoms  per 
unit  cell)  and  TiFe  (B2  type)  exist.  Wallbaum  (15)  also  published  a 
phase  diagram  showing  these  intermediate  phases;  however,  apparently  no 
detailed  work  was  done  on  the  titanium-rich  alloys,  as  no  phase  relation- 
ships based  on  experimental  evidence  were  given.  Craighead,  Simmons  and 
Eastwood  (10)  found  that  additions  of  iron  lower  the  temperature  of  the 
polymorphic  transformation  of  titanium,  giving  rise  to  a very  restricted 
range  of  alpha  solid  solution  and  stabilization  of  the  beta  solid  solu- 
tion toward  lower  temperatures.  Their  work  was  confined  to  magnesium- 
reduced  titanium -base  alloys  containing  up  to  2.2$  iron.  By  measuring 
the  hydrogen  pressures  in  equilibrium  with  very  dilute  solutions  of 
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hydrogen  in  iodide  titanium-base  alloys,  A.  D.  McQuillan  (16)  determined 
the  p/a  + p boundary  above  800°C  and  between  0 and  5.8$  iron. 

By  means  of  micrographic  and  X-ray  diffraction  methods,  using 
magnesium-reduced  titanium  of  low  purity  (with  a transformation  range 
of  860°-970°C),  a general  outline  of  the  phase  diagram  for  the  titanium- 
rich  portion  of  the  system  was  established  by  Womer  (17)*  He  found 
that  the  beta  phase  decomposed  eutectoidally  at  17.5$  iron  and  approxi- 
mately 600°C  into  alpha  (with  0.9%  iron)  and  the  compound  TiFe  (with  a 
body  centered  cubic  lattice  and  a melting  point  of  approximately  1250°C). 

A eutectic  of  beta,  containing  25$  iron,  and  TiFe  was  established  at 
32%  iron  and  1060°C.  Although  Duwez  and  Taylor  (18),  in  agreement  with 
Laves  and  Wallbaum  (llj),  reported  the  existence  of  the  compound  T^Fe, 
Worner  found  no  evidence  of  this  phase,  either  me tallo graphically  or  by 
X-ray  diffraction  studies. 

In  the  course  of  his  work  on  the  copper- titanium  system,  Karls son 
(15)  found  some  evidence  to  support  Worrier's  conclusion  that  Ti?Fe  does 
not  exist.  Karlsson  was  able  to  show  that  the  previously  reported  T^Cu 
was  really  an  oxide  phase  having  an  ideal  composition  Cu-^Ti^O,  with  a 
titanium-rich  solubility  limit  close  to  C^Tij/).  The  high  oxygen  content 
probably  resulted  from  contamination  during  heat  treatment.  He  proposed 
that  a similar  phase  might  exist  in  the  titanium-iron-oxygen  system. 

(a)  Metallo graphic  studies 

Micrographic  analysis  of  heat  treated  specimens  and  a limited  amount 
of  thermal  analysis  and  X-ray  work  have  been  used  in  the  determination  of 
the  partial  phase  diagram  up  to  the  composition  of  the  first  compound, 

TiFe  (53.8$  Fe).  Results  are  in  general  accordance  with  the  phase  diagram 
given  by  Worner  (17).  Specimens  were  annealed  at  and  quenched  from  tem- 
peratures between  500°  and  1200°C.  Iodide  titanium  was  used  for  the 
preparation  of  alloys  containing  up  to  30$  iron.  High-purity  Bureau  of 
Mines  sponge  titanium  was  used  for  alloys  of  higher  iron  content. 

The  partial  phase  diagram  is  presented  in  Fig.  33.  The  eutectoid 
point  lies  between  575°  and  600°C,  between  15  and  16%  iron.  No  eutectoid 
was  observed  in  samples  annealed  at  600°C  for  as  long  as  7U5  hours. 
Evidence  of  the  eutectoid  is  shown  in  the  microstructure  of  an  18$  alloy 
annealed  at  550°C  for  7U0  hours  (Figs.  3h  and  35).  These  photomicro- 
graphs illustrate  the  fact  that  the  decomposition  has  started  at  the 
grain  boundaries,  and  is  extremely  sluggish.  As  for  the  titanium-chromium 
system,  eutectoid  decomposition  was  found  only  in  hypereutectoid  alloys 
and  hypoeutectoid  alloys  near  the  eutectoid  point.  Figure  36  illustrates 
the  microstructure  of  a 13$  iron  alloy  annealed  at  550°C  for  7^0  hours 
and  shows  no  eutectoid  decomposition  of  the  beta  phase.  Decomposition 
was  observed  in  alloys  as  low  as  11$  iron  for  samples  annealed  at  500°C. 
Similar  to  the  results  of  the  titanium- chromium  system,  it  was  found  that 
oxygen  accelerates  the  eutectoid  decomposition. 
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TEMPERATURE,  DEGREES  C 


ATOMIC  PERCENT  IRON 


Pig.  33-  Partial  Phase  Diagram  of  the  Titanium-Iron 
Sys  tem  • 
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Neg.  No.  31*88 


X100  Neg.  No.  31*89 


Fig.  3k 

An  18$  iron  alloy,  homogenized  and 
water  quenched  after  annealing  at 
550 °C  for  7l*0  hours.  Eutectoid  de- 
composition along  grain  boundaries. 


X7#> 

Fig.  35 

Same  alloy  as  Fig.  31*,  but  at  higher 
magnification.  This  clearly  shows 
the  eutectoid  structure  and  primaiy 
compound  in  a matrix  of  retained  {3. 


Neg.  No.  3731  X250 

Fig.  36 

A 13$  iron  alloy  treated  the  same  as 
the  18$  alloy  (Fig.  31*).  a in  a 
matrix  of  retained  {3.  No  eutectoid 
is  evident. 


Etchant:  60  glycerine,  20  HNO3,  20  HF 
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The  solubility  of  iron  in  alpha  titanium  is  less  than  0.5$.  Beta 
titanium  is  retained  upon  water  quenching  alloys  in  which  the  beta  phase 
contains  at  least  k%  iron. 

The  maximum  solubility  of  iron  in  beta  titanium  at  the  eutectic 
temperature,  1080°C,  is  25$  iron.  The  eutectic  point  lies  at  32%  iron. 
The  intermediate  phase  coexisting  with  the  beta  solid  solution  corre- 
sponds to  the  stoichiometric  composition  of  TiFe  (53.8$  Fe ),  and  is  shown 
in  the  single  phase  microstructure  of  a %k%  iron  alloy  annealed  at  900°C 
for  72  hours  (Fig.  37). 

No  evidence  was  found  of  the  compound  T^Fe  (36.8$  Fe),  reported  by 
other  investigators  (IJ4,  18).  The  microstructures  of  the  alloys  in  the 
P + TiFe  field  show  a consistent  increase  in  the  amount  of  TiFe  as  the 
iron  oontent  increases,  and  no  other  phase  was  indicated.  It  was  thought 
that  Ti2Fe  might  be  formed  by  a sluggish  peritectic  reaction  (TiFe  + melt 
— »»  Ti£Fe),  and  thus  would  not  be  seen  in  the  fast-cooled  arc  melted 
alloys.  Therefore,  a 36$  iron  alloy  was  held  in  a graphite  crucible 
at  1105>°C,  just  above  the  eutectic  temperature,  for  20  minutes  and  slowly 
cooled.  IfTdgFe  exists,  and  is  formed  peritectically,  it  would  appear 
in  the  microstructure  of  this  sample  as  a peritectic  wall  around  the 
primary  TiFe  phase.  However,  Fig.  38,  a photomicrograph  of  the  above 
alloy,  does  not  show  any  indication  of  T^Fe.  The  structure  consists 
of  about  20$  primary  compound  (TiFe)  and  a coarse  eutectic  of  beta  and 
TiFe. 

(b)  X-ray  studies 

X-ray  diffraction  was  used  in  an  attempt  to  isolate  the  T^Fe  phase. 
Diffraction  patterns  of  a 14.8$  iron  alloy  annealed  in  the  J3  + TiFe  field 
gave  lines  which  could  be  accounted  for  only  by  the  phase  mixture  of 
beta  titanium  and  TiFe.  The  latter  phase  was  identified  as  having  a 
body  centered  cubic  structure  with  a lattice  parameter  of  2.982  X,  in 
good  agreement  with  the  results  of  Duwez  and  Taylor  (18).  There  was 
no  indication  of  T^Fe. 

With  Karlsson's  work  (19)  as  the  impetus,  alloys  corresponding  to 
the  stoichiometric  composition  of  T^Fe,  Ti-jFe^O,  and  Ti^Fe20  were  pre- 
pared. Iodide  titanium  and  very  pure  TiC>2  were  used.  Powder  patterns 
were  taken  of  the  homogenized  alloys.  The  Ti2Fe  alloy  gave  predominantly 
the  structure  of  the  TiFe  phase,  and  extra  lines  belonging  to  either 
alpha  or  beta  titanium,  depending  upon  heat  treatment.  Both  the  TioFe^O 
and  the  TiuFejjO  alloys  yielded  single  phase  patterns  which  were  almost"5 
identical  to  those  reported  by  Duwez  and  Taylor.  A comparison  of  the 
diffraction  lines  is  shown  in  Table  VII.  It  appears,  therefore,  that 
a ternary  phase  exists  in  the  titanium-iron-oxygen  system  which  permits 
a broad  replacement  of  iron  atoms  by  titanium  atoms. 
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Neg.  No.  3732 


Etchant : 


X150 


Fig.  37 

A Sk%  iron  alloy,  homogenized,  an- 
nealed at  900°C  for  72  hours  and 
water  quenched.  The  inte mediate 
phase  TiFe. 


Neg.  No.  361+5  X150 

Fig.  38 

A 36%  iron  alloy,  held  at  1105 °C,  20 
minutes,  and  slowly  cooled  in  a graphite 
crucible.  Primary  TiFe  pile  coarse 
eutectic  of  8 and  TiFe. 


60  glycerine,  20  HNO^,  20  HF 
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TABLE  VII 


COMPARISON  OF  INTERPLANAR  SPACINGS  FOR  Ti,Fe?Q  AND  TipFe 
REPORTED  ELSEWHERE  (18) 


hkl 

dhki(A) 

Ti^FegO 

dhkl^) 
TigFe (18 ) 

hkl 

dhkl  ^ ) 
TijjFegO 

dhki  C&) 
TigFe (18 ) 

332 

2.386 

81*2 

1.230 

1.231* 

1*22 

2.293 

2.31 

933, 771,755 

1.132 

1.136 

500,1*30 

2.250 

862 

1.106 

1.109 

1*31 

2.203 

666 

1.081* 

1.087 

333,5H 

2.163 

2.17 

775 

1.016 

1.019 

1*1*0 

1.986 

2.00 

955,971 

0.9997 

0.9886 

1*1*2,600 

1.872 

1.88 

882 

0.9838 

0.981*7 

622 

1.7U5 

1.72 

866 

0.9682 

0.9697 

10*1* 

1.619 

1.63 

10,62 

0.9523 

0.9563 

551, 711 

1.572 

1.59 

12,00-881* 

0.9397 

0.91*23 

553,731 

1.1*78 

1.1*72 

11,51-777 

0.9300 

0.9330 

650, 61*3 

1.1*63 

1.1*1 

10, 61*- 12,  22 

0.911*6 

0. 9172 

733 

1.375 

1.382 

10,82 

0.8711 

0.8726 

821,71*2 

1.353 

13,11-11,55 

0.8633 

0.861*8 

660,822 

1.328 

1.331* 

11,73-13,31 

0.81*1*0 

0.81*56 

555,751 

1.301 

1.305 

13,33-955 

0.8291* 

0.8277 

81*0 

1^259 

11*,  20-10, 86 

0.7981* 

0.7997 

911,753 

1.238 

1.21*2 

(c)  Melting  range  determinations 

The  results  of  the  melting  range  determinations  are  given  in  Table 
VIII  and  are  plotted  in  pig.  33.  The  22,  32,  and  36$  alloys  were  studied 
by  thermal  analysis,  which  definitely  established  the  eutectic  point  at 
32$  iron  and  1080°C.  The  low  carbon  pickup  of  about  0.1$  for  the  32  and 
36$  iron  alloys  indicates  that  the  breaks  in  the  cooling  curves  could 
not  be  greatly  displaced  by  contamination. 

To  further  substantiate  the  results  of  thermal  analysis,  and  to  de-^ 
termine  the  slope  of  the  solidus  curve  at  low  iron  contents,  a series  of 
alloys  was  annealed  at  1200°C  for  15  minutes,  followed  by  water  quenching. 
Figures  39  to  ,1*2  illustrate  a series  of  structures  used  to  determine  the 
melting  range. 
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Neg.  No.  3728 


X2$0  Neg.  No.  3733 


X2£0 


Fig.  39 

A lh%  iron  alloy,  homogenized  and 
water  quenched  after  annealing  at 
1200°C  for  13  minutes.  Retained  p. 


Fig.  I4O 

A 16%  iron  alloy  treated  the  same  as 
the  11$  alloy  (Fig.  39).  Partial 
melting  in  retained  J3. 
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Neg.  No.  3729 


X250 


Fig.  Ill 

A 20 % iron  alloy  treated  the  same  as 
the  11$  alloy  (Fig.  39).  Greater 
amount  of  melting  in  retained  |3. 


Fig.  U2 

A 22%  iron  alloy  treated  the  same  as 
the  previous  alloys.  As-cast  struc- 
ture showing  the  sample  was  completely 
molten  at  temperature. 


Etchant:  60  glycerine,  20  HF,  20  HNO^ 
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TABLE  VIII 


MELTING  RANGE  DETERMINATIONS 


A.  Thermal  Analysis 
Nominal  $ Fe  Liquidus 

22  1221* 

32 

36  111*6 


Eutectic 


1082 

1080 


B.  1200 °C  Annealing  Treatments 


Nominal  $ Fe 

Outward  Appearance 

Microstructure 

H* 

No  melting 

No  melting 

16 

tt 

Partial  melting 

18 

it 

Greater  partial  melting 

20 

n 

Greater  partial  melting 

22 

Complete  melting 

Complete  melting 

21* 

it 

— 

26.3 

it 

-- 

(3)  Hardness  of  Titanium-Chromium 

and  Titanium-Iron  Alloys 

Vickers  diamond  pyramid  hardness  tests  (10  kg  load)  were  made  on 
several  groups  of  annealed  and  water  quenched  alloys.  The  results  of 
some  of  these  measurements  are  shorn  in  Fig.  1*3.  The  curves  for  the 
alloys  quenched  from  1000°C  are  typical  of  hardness  trends  in  both 
systems  for  samples  quenched  from  800°C  and  above.  The  hardness  peaks 
in  each  case  correspond  to  the  compositions  at  which  beta  is  retained 
on  quenching j i.e.,  i*$  iron  and  7-8$  chromium.  Beyond  the  peak,  the 
hardness  of  chromium  alloys  drops  to  a minimum  at  about  13$  chromium, 
and  increases  to  about  800  DPN  in  the  region  of  TiCr?  (67-68$  Cr).  The 
titanium-iron  curve  reaches  a minimum  at  approximately  11$  iron,  increases 
to  30$  iron,  and  then  shows  a gradual  drop  to  the  compound  TiFe  (51*$  Fe). 

Hypoeutectoid  alloys  of  either  system,  annealed  at  700 °C  for  360 
hours,  have  a + £ structures  and  the  beta  is  of  sufficiently  high  alloy 
content  to  be  retained  on  water  quenching.  These  mixed  structures  are 
much  softer  than  the  acicular  products  obtained  by  quenching  from  above 
the  transformation  temperature  (see  Fig.  1*3).  By  annealing  at  700°C, 
the  hardness  of  the  1*$  iron  alloy  was  reduced  to  255,  and  that  of  the 
7$  chromium  alloy,  to  275  DFN. 
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2.  The  Titanium -Chromium-Iron  System 

The  literature  yields  no  information  concerning  the  constitution  of 
the  titanium-rich  corner  of  the  titanium-chromium-iron  system.  The  de- 
termination of  phase  relationships  in  isothermal  sections  was  the  experi- 
mental approach  used  to  obtain  the  ternary  phase  diagram.  Therefore, 
isotherms  have  been  used  to  describe  the  diagram.  Although  applied  in 
the  coordination  of  experimental  data,  vertical  sections  are  not  presented 
at  this  time. 

From  the  data  obtained,  which  are  neither  complete  nor  final,  the 
ternary  eutectoid  point  has  been  placed  at  approximately  8%  chromium  and 
13%  iron,  and  slightly  below  550°C.  The  solubility  of  iron  and  chromium 
in  alpha  titanium  is  less  than  1%  total  alloy  content.  Additional  work 
is  now  in  progress  to  more  accurately  establish  the  phase  boundaries 
in  the  high  alloy  region  and  in  space  about  the  ternary  eutectoid.  The 
melting  range  of  the  ternary  alloys  also  remains  to  be  determined. 

a.  Experimental  procedure 

As  for  the  binary  systems,  the  charges  and  the  melted  alloys  were 
accurately  weighed  and  weight  losses  were  very  low;  therefore,  nominal 
compositions  have  been  used  in  plotting  the  data. 

Coring  was  observed  in  some  titanium-base  alloys  containing  over 
total  alloy  content  of  chromium  and  iron.  Thus  all  alloys  containing 
over  $%  total  alloy  were  homogenized  at  1050°C  for  2h  hours. 

Information  on  the  annealing  times  used  for  various  temperatures  is 
given  in  Table  IX.  All  samples  treated  below  800°C  were  first  heated  at 
900 °C  for  2-8  hours  and  then  slowly  cooled  to  the  temperature  of  final 
annealing.  Long  holding  times  have  been  used  and,  with  the  exception 
of  the  lower  temperature  treatments,  probably  greatly  exceeded  the  time 
required  to  reach  equilibrium.  Despite  this  careful  sample  preparation, 
some  segregation  was  observed  in  a number  of  the  microstructures. 


TABLE  IX 

ANNEALING  CONDITIONS  FOR  TITMIUM-CHBDMIUM-IBDN  ALLOYS 


Temperature, °C 

Time,  Hours 

Temperature,  °C 

Time,  Hours 

1050 

2lt 

700 

192-288 

900 

72 

650 

U32 

800 

UU 

600 

576-600 

750 

192-288 

550 

7hh 

In  general,  microscopic  interpretation  for  the  placement  of  phase 
boundaries  was  consistent  with  the  lever  rule,  and  only  in  a few  instances, 
idle re  data  were  omitted,  were  major  dislocations  due  to  segregation  noted. 


la 
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In  such  cases,  the  phase  boundaries  of  the  isothermal  sections  were  drawn 
with  emphasis  on  the  binary  intercepts,  and  the  majority  of  the  data 
which  were  in  consistent  agreement. 

b.  The  space  model 

Figure  l+lj.  is  a schematic  space  model  of  the  titanium-rich  corner  of 
the  ternary  system,  illustrating  only  the  solid  state  reactions.  Points 
Y and  Z are  in  a vertical  plane  arbitrarily  cut  through  the  system,  and 
do  not  represent  compounds. 

The  alpha  space  is  bounded  in  the  ternary  system  by  the  following 
surfaces : 


X Ax  A A2  X 

Ai  ai  a A 
A2  a2  a A A2 

The  maximum  solubility  of  chromium  and  iron  in  alpha  titanium,  point  A, 
is  at  the  temperature  of  the  ternary  eutectoid. 

The  space  of  the  ternary  beta  solid  solution  is  bounded  by  the  fol- 
lowing surfaces: 


X E1 

T 

E2 

X 

at 

the 

X 

comer 

Y E1 

T 

E3 

Y 

at 

the 

Y 

corner 

z e2 

T 

E3 

Z 

at 

the 

Z 

corner 

Intersections  of  these  planes  produce  space  curves  of  double  saturation 
of  the  ternary  beta  phase  (E-,Tj  E2Tj  E,T).  They  fall,  with  decreasing 
temperature, intersecting  at  T,  the  ternary  eutectoid  point.  At  this 
point  the  following  eutectoid  decomposition  takes  place: 

|3(T)  — > a(A)  + TiCr2  + TiFe 

Point  T lies  in  the  plane  AHI.  If  extended,  the  lines  AI,  TD,  TC,  and 
AH  would  meet  at  the  respective  compounds . Tie  lines  TA,  TC,  and  TD 
extend  from  T to  each  of  the  phases  in  equilibrium  with  beta  at  the 
temperature  of  the  ternary  eutectoid. 

It  will  be  seen,  that  the  eutectoid  transformations: 
ternary  |3  — > ternary  a + TiC^  and 
ternary  j3  — > ternary  a + TiFe 

take  place  within  a temperature  range  (rather  than  at  a constant  tempera- 
ture, as  in  the  binary  systems  titanium-chromium  and  titanium-iron), 
resulting  in  the  formation  of  the  spaces:  a + J3  + TiCr2  and  a + B + TiFe. 

The  upper  surfaces  of  these  spaces  are  identical  with  the  lower  surfaces 
of  the  beta  space,  and  their  lower  surface  is  the  horizontal  plane  re- 
presenting the  temperature  of  the  ternary  eutectoid. 
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Fig.  44  - Space  Model  of  the  Solid  State  Reactions  in  the  System 
T itanium-Chromium-Iron 
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othermal  sections 


Isu  thermal  sections  at  temperatures  between  900°  and  550°C  are  pre- 
sented in  Figs.  l;5-5l,  respectively.  Figure  52  shows  the  isotherms  of 
the  lower  surfaces  of  the  beta  phase  space $ thus,  it  compares  all  the 
isothermal  sections.  At  900° C,  Fig.  1i5j  the  beta  field  extends  over 
almost  the  entire  composition  area  investigated.  The  transition  from 
transformed  to  retained  beta  after  water  quenching  these  specimens  is 
shown  as  a shaded  line.  This  appears  to  be  a straight  line  joining  the 
similar  transition  points  in  the  binary  systems;  that  is,  between  3 and 
h%  iron,  and  6 and  7$  chromium.  The  samples  of  lower  alloy  content 
transformed  partially  or  completely  during  water  quenching,  and  those 
of  higher  alloy  content  consisted  entirely  of  retained  beta.  Sections 
through  the  space  model  at  800°,  750°,  and  700°C  (Figs.  I4.6-J48)  show  the 
enlargement  of  the  p + a and  p + compound  fields. 

The  exact  location  of  the  ternary  phase  boundaries  at  650°C  and 
below  is  greatly  impeded  by  the  fact  that  the  rate  of  diffusion  at  these 
temperatures  is  extremely  low.  Even  annealing  times  up  to  a month's 
duration  are  not  sufficient  to  start  and/or  complete  the  eutectoid 
decompositions:  p ->  a + TiCr2  and  p ->  a + TiFe,  in  the  chromium- 

rich  and  iron-rich  binary  alloys,  respectively.  As  a consequence,  the 
ternary  beta  phase  remains  in  a metastable  state  and  only  in  the  hyper- 
eutectoid  alloys  rich  in  chromium  was  microscopic  evidence  found  of  the 
eutectoid  transformation  p ->  a * TiCr2* 

In  the  iron-rich  ternary  alloys,  the  eutectoid  decomposition 
P ->  a + TiFe  will  start  below  the  eutectoid  temperature  of  the  titanium- 
iron  system  (585°C).  Therefore,  it  is  not  surprising  that  at  these 
low  temperature  levels  equilibrium  is  approached  only  at  a very  low 
rate. 


The  solubility  of  iron  and  chromium  in  alpha  titanium  is  less  than 
1$  total  alloy  content.  The  curve  of  maximum  solubility  has  been  arbi- 
trarily drawn  at  equal  iron  and  chromium  contents. 

The  eutectoid  point  in  the  titanium-chromium  system  (E-i  in  the  space 
model.  Fig.  I4I4.)  occurs  at  15$  chromium  and  685°C.  Eutectoid  decomposition 
was  observed  in  ternary  alloys  on  the  chromium  side,  annealed  at  650°C. 

As  shown  in  Fig.  k9)  many  of  the  hypoeutectoid  alloys  in  the  a + p + TiCr2 
field  were  actually  found  to  be  only  two  phase.  The  beta  phase  is  ap- 
parently very  metastable,  for  no  eutectoid  is  evident  even  after  annealing 
at  650°C  for  ii32  hours.  The  fact  that  eutectoid  decomposition  did  not 
occur  in  the  hypoeutectoid  alloys  of  low  alloy  content  was  also  observed 
in  the  binary  systems  (Figs.  25  and  33). 

Alloys  of  low  iron  and  chromium  content  could  not  be  used  for  the 
determination  of  the  a + p + TiCr2  space,  because  of  the  reluctance  of 
the  eutectoid  to  develop.  However,  alloys  of  composition  near  the  space 
curve  of  double  saturation  (E^p)  showed  eutectoid  decomposition,  and 
could  be  used  to  position  the  space  boundary  at  this  temperature  level. 
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A three  phase  space  (£  + a + TiC^  ) of  triangular  cross  section  and 
consistently  increasing  size  with  falling  temperature  exists  between  the 
binary  and  ternary  eutectoid  temperature  levels.  The  vertex  point  of 
this  triangular  field  is  on  the  space  curve  EjT,  which  was  positioned 
by  the  identification  of  either  alpha  or  TiCr2  constituents  in  the  micro- 
structures of  alloys  lying  on  either  side  of  the  curve.  The  other  cor- 
ners of  the  three  phase  field  are  anchored  at  alpha  and  TiCrg. 

Only  a very  narrow  duplex  phase  space  exists  between  alpha  and  TiCr2, 
because  of  the  restricted  solubility  of  iron  and  chromium  in  alpha  tita- 
nium. At  equilibrium,  the  eutectoid  reaction  would  be  complete  in  this 
region,  and  beta  is  consumed.  No  attempt  was  made  to  locate  the  extent 
of  the  a + TiFe  or  a + TiCr2  fields  at  high  alloy  contents . 

The  isothermal  section  at  600°C  (Fig.  50)  is  similar  to  that  at 
650°C,  with  changes  only  in  the  extent  of  the  phase  fields.  Eutectoid 
decomposition  was  observed  in  a greater  number  of  alloys  with  falling 
temperature,  although  the  beta  phase  in  samples  of  low  alloy  content 
continued  to  be  metastable.  The  section  at  550°C  (Fig.  £1)  is  below 
the  binary  titanium-ixon  eutectoid  level,  585°Cj  therefore,  the  |3  + TiFe 
and  a + p + TiFe  fields  should  be  evident.  It  can  be  seen  from  the  data 
points  that  no  eutectoid  structures  were  observed  in  alloys  on  the  iron 
side  annealed  at  550°C. 

Although  not  shown,  a number  of  vertical  sections  were  drawn.  It 
was  seen  from  the  extrapolation  of  data  above  65>0°C  to  lower  temperatures 
that  many  of  the  observed  two  phase  samples  would  consist  of  three  phases 
under  equilibrium  conditions.  Therefore,  graphical  interpolation,  using 
all  of  the  data  known  to  approach  equilibrium,  has  been  used  for  the 
accurate  placement  of  the  space  curves,  particularly  on  the  iron  side 
of  the  ternary  diagram. 

At  first  appearance,  the  phase  boundaries  of  the  isothermal  sections 
below  650° C may  not  appear  to  be  entirely  consistent  with  the  data  points. 
For  example,  at  550 °C  (Fig.  5l)j  the  microstructure  of  the  11$  iron,  h% 
chromium  alloy  is  one  phase  (J3),  but  the  alloy  is  located  in  the  a + J3  + 
TiFe  phase  field.  The  apparent  anomaly  can  be  readily  explained  on  the 
basis  that  the  composition  lies  very  close  to  the  space  curve  of  double 
saturation,  E2T  (see  Fig.  I'ii)  • Thus,  no  proeutectoid  constituents  would 
be  expected  in  the  microstructure,  and  the  indicated  beta  must  be  meta- 
stable. At  equilibrium,  the  microstructure  would  show,  in  addition  to 
the  beta,  a eutectoid  of  alpha  and  TiFe.  Other  alloys  in  the  a + {3  + TiFe 
space,  of  lower  or  higher  alloy  content,  had  proeutectoid  alpha  or  TiFe 
plus  beta  structures.  At  equilibrium,  these  samples  would  also  be  three 
phase,  due  to  the  eutectoid  decomposition  of  beta. 

Figure  52,  which  is  a composite  of  isotherms  of  the  lower  surfaces 
of  the  beta  phase  space,  illustrates  the  good  correlation  obtained  on  com- 
bining all  the  results.  The  ternary  eutectoid  point  has  been  placed  at 
the  intersection  of  the  three  curves  of  double  saturation,  and  is  located 
at  approximately  8%  chromium,  13%  iron,  and  at  a temperature  slightly 
below  550eC. 
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d.  Micros tructures 


Only  a limited  number  of  ternary  alloy  photomicrographs  are  presented, 
as  in  general  microstructures  observed  were  similar  to  those  for  the 
alloys  of  the  binary  systems.  Typical  microstructures  representative 
of  the  various  phase  fields  are  presented  in  Figs.  53-59.  Evidence  of 
the  transition  from  transformed  to  retained  beta  is  shown  in  Figs.  53 
and  5U-  Alpha  plus  beta  micro structures  are  illustrated  in  Figs.  5%  and 
56.  The  first  is  predominantly  alpha,  and  the  second  contains  mostly 
retained  beta. 

Figure  57  illustrates  the  a + TiCr2  eutectoid  structure  of  the  a + 

P + TiCr2  space.  As  previously  discussed  in  other  sections,  no  micro- 
structural  evidence  of  eutectoid  decomposition  in  the  a + p + TiFe  space 
was  observed.  Also,  no  ternary  eutectoid  decomposition  was  noted  at 
500°C,  although  this  temperature  is  below  the  ternary  eutectoid  plane. 

Figures  58  and  59  illustrate  the  p + compound  structures;  the  first 
contains  TiFe  and  the  latter,  TiCr^.  A marked  difference  can  be  seen  in 
the  appearance  of  the  two  intermediate  phases.  As  shown  in  -the  diagram 
presented,  a three  phase  space  containing  both  compounds  exists  between 
the  two  duplex  spaces.  The  precipitation  of  the  two  compounds  is  a reac- 
tion of  double  saturation:  p —*■  TiCr2  + TiFe.  Thus,  such  microstructures 

would  contain  the  two  compounds  either  in  massive  form  or  in  a eutectoid 
type  structure.  It  was  anticipated,  therefore,  that  alloys  containing 
P + TiCr2  + TiFe  could  be  properly  identified  using  micrographic  analysis. 

However,  upon  careful  met  alio  graphic  examination,  only  a few  alloys 
appeared  to  consist  of  three  phases,  and  for  these  positive  identifica- 
tion was  difficult.  As  it  is  only  at  lower  temperatures  that  even  a 
few  of  the  compositions  used  in  this  study  are  in  the  p + TiCr2  + TiFe 
field,  more  alloys  of  higher  alloy  content  will  be  prepared  and  annealed. 
X-ray  diffraction  techniques  will  be  employed  to  determine  the  extent 
of  this  three  phase  field. 

e.  Hardness 

Vickers  hardness  data  of  titanium-chromium-iron  alloys  annealed  at 
and  quenched  from  temperatures  between  900°  and  650°C  are  presented  graph- 
ically in  Fig.  60.  The  alloys  used  are  on  the  vertical  section  through 
the  ternary  system  such  that  the  iron: chromium  ratio  is  1:1.  These  alloys 
exhibit  the  same  trends  observed  in  the  binary  systems  titanium- iron  and 
titanium-chromium  (see  Fig.  Ip3).  The  hardness  curves  for  samples  quenched 
above  800 °C  reach  a peak  at  about  5$  total  alloy  content,  which  corresponds 
to  the  composition  at  which  beta  is  retained  upon  water  quenching.  At  the 
same  temperature  level,  hardness  peaks  were  obtained  at  k%  iron  and  7-6% 
chromium  in  the  respective  binary  systems. 

Annealing  the  ternary  alloys  at  650°  or  700°C  resulted  in  a linear 
increase  in  hardness  with  alloy  composition  up  to  10$.  Such  alloys  have 
a + p structures,  and  are  much  softer  than  the  products  obtained  by  quench- 
ing from  above  the  transformation  temperature. 
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Neg.  No.  3879  X250 

Fig.  53 

A 2%  iron,  2%  chromium  alloy  annealed 
at  900 °C  for  72  hours  and  water 
quenched.  Shows  some  transformed  {3. 


Neg.  No.  3880  X250 

Fig.  5il 

A 2%  iron,  3%  chromium  alloy,  homo- 
genized, annealed  at  900*C  for  72 
hours  and  water  quenched.  Retained 
0. 


60  glycerine,  20  HNO3,  20  HF 
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Neg.  No.  3881 

Fig.  55 

A 0.5$  iron,  0.5$  chromium  alloy, 
water  quenched  after  annealing  at 
650°C  for  1+32  hours,  a + retained 
P (approx.  15$). 


X500 

Fig.  56 

A 10$  iron,  l+$  chromium  alloy,  homo- 
genized, annealed  at  650°C  for  1+32 
hours,  a plates  in  retained  p matrix. 


X500  Neg.  No.  3882 
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Neg.  No.  3885  X500 

Fig.  57 

A 2$  iron,  12$  chromium  alloy  homo- 
genized, annealed  at  650°C  for  1+32 
hours.  Eutectoid  (a  + TiC^)  and 
a in  a matrix  of  retained  p. 


Etchant:  60  glycerine,  20  HNO3,  20  HF 
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Neg.  No.  3883  X500 

Fig.  58 

An  18$  iron,  k%  chromium  alloy,  homo- 
genized, annealed  at  650°C  for  k3 2 
hours,  and  water  quenched,  |3  + TiFe. 


N \ X 


Neg.  No.  3881*  X500 

Fig.  59 

An  8$  iron,  16$  chromium  alloy,  homo- 
genized, annealed  at  650°G  for  U32 
hours,  and  water  quenched.  {3  + TiCr2- 


60  glycerine,  20  HNO^,  20  HF 
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TOTAL  ALLOY  %(FE,  CR  RATIO  = I : I ) 


Fig.  60  - Vickers  Hardness  of  ' Titanium-Chromium-Iron  Alloys 
(Iron-Chromium  Ratio  = 1:1) 
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It  can  be  seen  from  Fig.  60  that  the  hardness  of  alloys  in  the  lower 
composition  range,  i.e.  those  in  the  commercial  alloy  region,  may  be  very 
greatly  changed  by  heat  treatment.  The  hardness  of  the  5%  alloy  annealed 
at  650 °C  is  200  DPN,  but  quenching  the  same  alloy  from  900 °C  resulted  in 
a hardness  of  over  500  DFN. 

C.  The  Titanium-Oxygen  System 

The  literature  contains  several  papers  concerning  the  compounds  exist- 
ing in  the  titanium-oxygen  system  (20-23).  The  bulk  of  this  information 
is  concerned  with  chemical  and  structural  identification  of  the  following 
phases : 

1.  TiO,  having  a crystal  lattice  of  the  NaCl  type  with  a melting  point 
of  1750°C. 

2.  T^O^,  having  a corundum  type  crystal  lattice. 

3.  Ti02,  which  is  stable  in  the  following  modifications:  rutile  and 

anatase  I,  II  which  are  tetragonal;  broolcite,  which  has  an  orthorhombic 
structure . 

Anatase  II  changes  at  61)2  °C  into  anatase  I,  which  is  stable  up  to 
915°C,  where  rutile  becomes  the  stable  modification.  Rutile  is  the  most 
stable  form  of  TiC^,  and  will  usually  exist  below  9l5°C  with  the  trans- 
formation to  anatase  I being  suppressed.  At  1300°C,  rutile  transforms 
to  brookite,  which  melts  at  1900 °C. 

The  phases  present  in  the  system  up  to  the  composition  of  the  dioxide 
Ti02,  and  their  approximate  ranges  of  homogeneity  as  determined  by  Ehrlich 
(21,  22,  23),  are  shown  in  Fig.  61.  These  data  were  obtained  by  X-ray 
analysis  of  samples  prepared  by  sintering  mixtures  of  titanium  with  TiO 
and/or  Ti02  at  1500°-1600°C  in  vacuum,  followed  by  furnace  cooling  and  a 
two-day  anneal  at  750 °C.  Ehrlich  showed  that  approximately  29.5  atomic 
per  cent  oxygen  are  soluble  in  alpha  titanium. 

The  first  intermediate  phase,  TiO,  was  shown  to  have  a homogeneity 
range  from  38  to  55.5  atonic  per  cent  (17-29.3  wt./)  oxygen.  The  next 
intermediate  phase,  based  on  the  composition  Ti203  (60  at./  oxygen),  was 
stable  between  59.3  and  61.3  atomic  per  cent  (32.5  and  3U.5  wt./)  oxygen. 

Ehrlich  placed  a new  phase,  having  a heavily  distorted  rutile  lattice, 
between  63  and  6U.2  atomic  per  cent  oxygen.  The  lower  limit  of  Ti02  was 
located  at  65.5  atomic  per  cent  oxygen. 

The  phase  relationships  in  titanium-rich  alloys  containing  up  to  1 
weight  per  cent  (3  at./)  oxygen  have  been  studied  by  Jaffee,  Ogden  and 
Maykuth  (21).)  by  micrographic  analysis  of  annealed  and  quenched  alloys. 

They  found  that  the  a/p  transformation  temperature  is  raised  with  in- 
creasing oxygen  content. 

In  reporting  the  effects  of  small  oxygen  additions  on  the  mechanical 
properties  of  iodide  titanium,  Jaffee  and  Campbell  (25)  observed  that 
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oxygen  refines  the  structure,  making  the  plates  of  alpha  titanium  smaller 
and  the  Widmannstatten  pattern  more  regular.  This  was  also  confirmed  by 
Sutcliffe  (26). 

Using  X-ray  diffraction  and  micrographic  methods.  Worrier  (27)  con- 
firmed Ehrlich's  value  of  approximately  12.5  weight  per  cent  (30  at.$) 
oxygen  being  soluble  in  alpha  titanium.  He  also  observed  that  oxygen 
addition  increased  the  transformation  temperature.  More  recently,  Jenkins 
and  Womer  (28)  established  the  limits  of  the  a + J3  region  up  to  5 atomic 
per  cent  oxygen  by  means  of  measurements  of  thermoelectric  poire r at 
various  temperatures,  and  verified  their  results  by  micrographic  analysis. 

The  titanium-oxygen  phase  diagram  as  presented  here  was  determined 
by  micrographic  analysis  of  alloys  containing  0.2-30.0  weight  per  cent 
oxygen,  annealed  at  and  quenched  from  temperatures  between  700°  and  1850 °C. 
Solidus  and  X-ray  diffraction  data  are  also  presented. 

1.  Experimental  procedure 

a.  Preparation  of  alloys 

The  alloys  were  prepared  by  the  copper  block  melting  method.  The 
charges  consisted  of  l/k  inch  sections  of  iodide  titanium  previously 
rolled  to  l/l6  inch  sheet,  and  l/lj  inch  lumps  of  fractured  compacts  of 
high  purity  Ti02-  It  was  found  that  by  proper  placing  of  the  charge  in 
the  copper  block,  the  arc  (previously  started  against  the  tungsten  in- 
sert) could  be  easily  transferred  to  the  charge.  Even  pure  Ti02  was 
easily  melted  by  this  method.  Weight  losses  could  not  be  used  as  a basis 
for  judging  the  ssible  variance  in  composition  on  melting,  because 
ingots  of  the  brittle  high-oxygen  alloys  spalled  badly  When  the  arc  was 
struck  during  the  remelting  operations.  However,  analytical  results 
for  a number  of  alloys  (see  Table  X)  showed  very  good  agreement  with 
nominal  compositions.  As  the  nominal  values  are  well  within  the  accuracy 
of  the  analytical  results,  the  phase  diagram  as  presented  is  based  on 
nominal  compositions.  Alloys  were  prepared  having  the  following  nominal 
oxygen  contents:  0.2,  O.L,  0.6,  0.8,  1 . . . i|0  (1%  increments). 


TABLE  X 

CHEMICAL  ANALYSIS  OF  AS-CAST  TITANIUM-OXYGEN  ALLOYS 


Heat  No. 

Nominal 
% Oxygen 

Analyzed 
% Oxygen 

1198 

3.0 

3.3 

r 

L.o 

U.2 

10 

9.9 

Hi 

1L.0 

121;5 

15 

15.5 

1215 

1? 

16.  L 

1217 

19 

18.5 

1218 

20 

20.1 

1219 

21 

21.6 

1222 

2L 

23.7 

* 
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The  following  color  variations  were  recorded  by  visual  observation 
of  the  as-cast  surface  of  the  ingots: 

TABLE  XI 

APPEARANCE  OF  TITANIUM-OXYGEN  ALLOY  INGOTS 


Composition 
Range,  % 0 

Color 

1-11 

Shiny  metallic  luster  (silvery) 

12-19 

Dull  metallic  luster  (silvery) 

20-21 

Dull  metallic  luster  (possible  tinge  of  yellow) 

22-30 

Shiny  metallic  luster  changing  from  tinge  of  yellow 
at  22$  to  deep  gold  at  30$  oxygen 

31-33 

Shiny  metallic  luster  changing  from  gold  to  purple 
(mixture)  with  increasing  oxygen  contents 

3U-36 

Frangible  shiny  shell  rubbed  off  easily,  leaving 
dull  nonmetallic  purple  substance 

37-38 

Nonmetallic  blue 

39-1+0 

Bluish  rutile  luster  (almost  metallic) 

b.  Annealing  treatments 

Annealing  treatments  consisted  of  sealing  samples  in  Vycor  or  quartz 
capsules,  heating  to  temperatures  ranging  from  700°  to  1^00 °C,  followed 
by  water  quenching  (see  Table  XII).  Short  time  annealing  treatments  at 
1600°C  and  above  were  accomplished  by  heating  a series  of  samples  in  a 
molybdenum  sheet  container  in  a high  frequency  induction  furnace  under 
vacuum  conditions  and  quenching  onto  a water  cooled  brass  plate  at  the 
bottom  of  the  furnace.  The  temperature  control  at  these  high  temperatures 
was  of  the  order  of  ±25°C.  The  rate  of  heating  varied  considerably  with 
the  age  of  the  tantalum  heater  of  the  furnace,  with  an  approximate  average 
rate  of  20°C  per  minute  in  the  temperature  range  1500°-1900°C.  At  these 
high  temperatures,  the  holding  times  were  quite  short  and  were  limited 
by  the  accuracy  of  control  of  the  induction  unit.  Therefore,  the  metallo- 
graphic  results  obtained  on  samples  treated  above  1500°C  may  not  be  as 
accurate  as  those  at  lower  temperatures.  The  accuracy  is  limited  by  the 
short  heating  times  (questionable  equilibrium  conditions)  and  limited 
temperature  control. 
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TABLE  XII 


ANNEALING  CONDITIONS  FOE  TITANIUM-OXYGEN  ALLOTS 


Annealing 
Temperature, °C 

Time, 

Hours 

Container 

Atmosphere 

700 

300 

Vycor 

Vacuum 

800 

120 

Vycor 

Vacuum 

800 

5oo 

Vycor 

Vacuum 

900 

70 

Vycor 

Vacuum 

900 

2k 

Vycor 

Vacuum 

95b 

72 

Vycor 

Vacuum 

1000 

2b 

Vycor 

Vacuum 

1100 

2k 

Quartz 

Argon 

1200 

k 

Quartz 

Argon 

1300 

1 

Quartz 

Argon 

U*00 

2 

Quartz 

Argon 

1500 

1/2 

Quartz 

Argon 

It  had  been  reported  that  t it  anium-oxygen  alloys  lose  oxygen  at 
elevated  temperatures.  A check  was  made  to  verify  this  by  weighing 
samples  before  and  after  annealing.  This  was  done  for  a complete  series 
of  alloys  from  1 to  k0%  oxygen  annealed  at  1200 °C  and  lltOO'C  for  four 
hours  and  one  hour,  respectively.  Weight  losses  after  annealing  at 
these  temperatures  varied  from  0 to  3$  of  the  total  weight  of  the  speci- 
men, with  no  apparent  correlation  with  the  composition  of  the  alloy. 

This  same  amount  of  weight  loss  was  obtained  for  unalloyed  titanium 
control  samples  included  with  the  series.  It  was  concluded  from  these 
data  that  little,  if  any,  oxygen  was  lost  during  annealing  treatments 
up  to  U|00°C,  under  the  conditions  of  testing  used. 

A further  and  more  conclusive  check  of  possible  oxygen  losses  at 
elevated  temperatures  was  made  by  X-ray  diffraction  methods.  Diffrac- 
tion patterns  for  5*  7,  and  11$  oxygen  alloys  quenched  from  1850*C  showed 
identical  lattice  parameter  measurements,  for  the  same  series  of  alloys 
quenched  from  pOO °C. 

2.  Discussion  of  Results 

a.  The  phase  diagram 

The  essential  features  of  the  phase  diagram  presented  in  Fig.  62  are 
two  periteetie  reactions:  Melt  + a 0,  and  Melt  + o ^ TiO,  at  17li.O* 
and  1770#C,  respectively;  and  a peritectoid  reaction:  a + IiO  5 at 

approximately  92f>°C.  Alpha  titanium  has  a maximum  melting  temperature 
of  about  1900*C  at  10$  oxygen  (approx.  2 5 at.$  0).  The  maximum  solubility 
of  oxygen  in  alpha  titanium  is  approximately  llw5$  oxygen  between  700° 
and  1600*C.  The  a + p field  extends  from  0$  oxygen  at  885°C  to  the  pe ri- 
te ctic  temperature,  17liO*C.  At  this  temperature,  the  two-phase  field 
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Fig.  62  - Partial  Phase  Diagram  of  the  Titanium-Oxygen 

System 
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extends  between  approximately  1.8  and  l;.3$  oxygen.  The  titanium-rich 
section  of  the  equilibrium  diagram,  shown  in  Fig.  63,  depicts  the  effect 
of  dilute  solutions  of  oxygen  on  the  transformation  temperature  from 
885°  to  1500°C. 

The  intermediate  phase,  TiO,  is  homogeneous  over  a broad  range  of 
composition  from  about  20.5  to  29.$%  oxygen  at  1U00°C,  and  from  about 
23.5  to  2 9.$%  oxygen  at  800°C.  At  about  925°C,  an  intermediate  phase, 
delta,  foims  from  the  peritectoid  reaction  a + TiO  7^  6,  between  18  and 
20$  oxygen.  This  composition  range  includes  the  stoichiometric  ratios 
corresponding  to  the  formulas  Ti^02  (18.2$)  and  Ti^O^  (20.0$). 

b.  Structural  characteristics 

Microscopic  studies  involved  the  evaluation  of  both  etched  and  unetched 
structures  as  revealed  by  means  of  ordinary  reflected  light  and  polarized 
light,  respectively.  Typical  microstructures  illustrating  various  phase 
fields  depicted  in  the  diagram  are  shown  in  Figs.  6U-8O. 

Illustrations  of  structures  characteristic  of  alloys  quenched  from 
the  beta  field  are  shown  in  Figs.  6b  and  65.  A 0.2$  oxygen  alloy  quenched 
after  lj.8  hours  at  950° C revealed  a serrated  alpha  type  of  transformation 
structure,  as  shown  in  Fig.  61;.  Specimens  quenched  from  the  beta  field 
but  with  compositions  nearer  the  p/a  + p boundary  showed  a basket  weave 
type  of  transformation  structure  (Fig.  65) • This  transformed  beta  struc- 
ture was  coarser,  the  higher  the  temperature  of  treatment,  as  shown  in 
Fig.  66. 

Micro structures  of  alloys  quenched  from  the  a + p field  are  shown 
in  Figs.  67-69.  At  lD00oC,the  amount  of  alpha  phase  in  a 1.0$  alloy  was 
estimated  as  approximately  30$.  The  a + p structure,  as  shown  in  Fig. 

67,  indicates  that  the  white  alpha  phase  was  present  at  the  temperature 
of  treatment  and  the  dark  structure  in  the  interstices  was  formed  by  the 
transformation  of  the  beta  phase  during  the  quench.  Figure  68  shows  that 
the  last  traces  of  beta  occur  essentially  at  the  alpha  grain  boundaries. 
Aside  from  extensive  growth  of  constituents,  the  high  temperature  a + p 
structures  are  similar  to  those  of  alloys  quenched  from  the  lower  tempera- 
ture (Fig.  69). 

The  structure  of  the  alpha  phase  of  a 12$  oxygen  alloy  quenched  from 
1200°  and  1850°C,  respectively,  is  shown  in  Figs.  JO  and  71. 

The  a + TiO  mixture  is  characterized  by  banded  twin-like  structures. 
Near  the  a/a  + TiO  phase  boundary  small  patches  of  a banded  structure 
were  observed  in  the  alpha  titanium  matrix  (Fig.  72).  The  structures  of 
alloys  containing  16-18$  oxygen  consisted  almost  entirely  of  plate-like 
bands,  as  shown  in  Figs.  73  and  75.  On  the  basis  of  Ehrlich’s  (22)  in- 
vestigations and  X-ray  diffraction  studies  carried  out  in  connection  with 
this  work,  this  banded  structure  was  interpreted  to  be  a mixture  of  the 
alpha  phase  and  TiO.  It  was  impossible  to  delineate  between  the  two 
phases.  Annealing  at  1700°C  coarsened  the  structure  considerably  (Fig. 

7li),  but  there  was  no  tendency  for  the  phases  to  coagulate.  Figure  75 


WADC-TR-52-16 


65 


Neg.  No.  3903  X150 

Fig.  61* 

A 0,2%  oxygen  alloy  quenched  after 
U8  hours  at  95 0°C,  showing  a serrated 
a type  of  transformation  structure. 


Neg.  No.  3752  X 75 

Fig.  66 

A 0.8$  oxygen  alloy  quenched  from 
.1700 °C.  Structure  shows  an  extremely 
coarse  transformation  structure. 


Neg.  No.  3611  X150 

Fig.  65 

A 1,0%  oxygen  alloy  quenched  after 
it  hours  at  1200 °C.  Structure  re- 
veals a typical  basket  weave  type 
of  transformation  structure. 


Neg.  No.  3656  X150 

Fig.  67 

A 1.0$  oxygen  alloy  quenched  after 
2l|  hours  at  1000°C.  Structure  shows 
approximately  35$  a in  a transformed 
£ matrix. 


Etchant:  60  glycerine,  20  HF,  20  HNO3 
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Neg.  No.  3657  X150 

Fig.  68 

A 2.0$  oxygen  alloy  quenched  after 
2l|.  hours  at  1000°C.  Structure  shows 
approximately  95$  a,  with  transformed 
P in  the  grain  boundaries. 


Neg.  No.  3753 


X 75 


Fig.  69 


Unetched 


A 3.0$  oxygen  alloy  quenched  from 


1700°C.  Structure  shews  duplex  a 
(white)  plus  transformed  {3  (dark). 


Note  the  large  grain  growth. 


Neg.  No.  3612  PL,  X ?5 

Fig.  70 

A 12$  oxygen  alloy  quenched  after  ij. 
hours  at  1200°C.  Structure  shows 
polyhedral  grains  of  a titanium  solid 
solution. 


Neg.  No.  375U  PL,  X 75 

Fig.  71 

A 12$  oxygen  alloy  quenched  from 
1850°C.  Large  equiaxed  grains  of 
a titanium  existing  at  a tempera- 
ture higher  than  the  melting  point 
of  pure  titanium. 


Etchant:  60  glycerine,  20  HF,  20  HNO3 
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Neg.  No.  36I46  PL,  X 75 

__  Unetched 

Fig.  72 

A 15%  oxygen  alloy  quenched  after  I* 
hours  at  1200°G.  Structure  shows 
patches  of  banded  a + TiO  phase 
mixture  in  a titanium  matrix. 


Neg.  No.  3611;  PL,  X 75 

Unetched 

Fig.  73 

A 17$  oxygen  alloy  quenched  after  it 
hours  at  1200®C.  Nearly  100%  twinned 
structure  of  a two  phase  mixture  of 
a + TiO. 
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Neg.  No.  3755  PL,  X 75 

Unetched 

Fig.  7U 

A 17%  oxygen  alloy  quenched  from 
1700 °C.  Coarse  banded  structure 
characteristic  of  the  a + TiO  field. 


Neg.  No.  371*8  PL,  X500 
rig.  75  ffiKtohed 

A 17%  oxygen  alloy  quenched  after 
2 hours  at  ll(00oC.  Banded  a + TiO 
structure  at  higher  magnification. 
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Neg.  No.  3615  PL,  X 75  Neg.  No.  3768  PL,  X150 

Fig.  76  tt,etched  Fig.  77  B,KtChed 

A 19$  oxygen  alloy  quenched  after  Ij.  An  18%  oxygen  alloy  quenched  after 
hours  at  1200°C.  a + TiO  phase  with  120  hours  at  800°C.  Structure  shows 
traces  of  massive  a at  grain  bound-  the  precipitated  6 phase  with  the 
aries.  Note  decreased  amount  of  twin-  banded  a + TiO  structure  in  the  back- 


Neg.  No.  390U  PL,  X150 

Unetched 

Fig.  78 

A 20$  oxygen  alloy  quenched  after 
500  hours  at  800*C.  Approximately 
20$  8 phase  precipitated  in  a TiO 
matrix. 


Neg.  No.  3769  PL,  X150 

„n  Unetched 

Fig.  79 

A 22$  oxygen  alloy  quenched  after 
120  hours  at  800#C.  Small  particles 
of  6 phase  in  a TiO  matrix. 
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Etchant : 


Neg.  No.  3616  X75 

Fig.  80 

A 29 % oxygen  alloy  quenched  after  1* 
hours  at  1200°C.  Structure  shows 
polyhedral  grains  of  TiO  phase. 


60  glycerine,  20  HNO3,  20  HF 


WADC  TR  52-16 


71 


is  presented  to  show  the  fine  details  of  the  banded  structure  at  a higher 
magnification.  At  higher  oxygen  contents,  the  amount  of  the  banded 
structure  decreases,  with  the  last  traces  of  alpha  showing  up  at  the 
grain  boundaries.  (See  Fig.  76.) 

The  twin-like  structure  of  the  a + TiO  alloys  is  very  similar  to 
the  banded  a +X  structure  in  copper-silicon  alloys  investigated  by 
Smith  (29),  who  advanced  a theory  of  matching  crystallographic  planes 
to  account  for  the  unusual  stability  of  this  structure.  Calculations 
along  this  line  were  made  from  lattice  parameter  measurements  of  the 
titanium-oxygen  system. 

When  a face  centered  cubic  precipitate  is  rejected  from  a hexagonal 
close  packed  matrix,  the  information  available  suggests  that  the  crystal- 
lographic relationship  is  such  that  the  -(000^-  planes  of  the  matrix,face 
the  -{ill}  planes  of  the  precipitate.  Whether  this  condition  actually 
obtains  in  the  precipitation  of  TiO  from  alpha  cannot  be  easily  verified, 
but  certainly  it  is  a reasonable  assumption.  The  atomic  array  in  both 
(0001)  and  (111)  planes  follows  hexagonal  close  packing.  The  interatomic 
distance  in  the  (0001)  plane  of  the  alpha  phase  at  saturation  has  been 
measured  as  2.955  A.  If  one  considers  the  NaCl  structure  of  TiO  to  be 
two  interlocking  face  centered  cubic  structures  of  titanium  atoms  and 
oxygen  atoms,  the 0 interatomic  spacing  of  the  titanium  atoms  on  the  (111) 
planes  is  0.707a  A.  From  the  lines  of  TiO  in  the  phase  mixture  of  a + 

TiO,  the  lattice  parameter  of  the  TiO  was  calculated  to  be  U.176  A. 
Accordingly,  the  interatomic  spacing  of  the  titanium  atoms  on  the  (111) 
plane  is  2.952  A.  This  corresponds  very  closely  to  the  atomic  spacing 
in  the  (0001)  planes  of  alpha.  The  degree  of  disregistry  is  about  0.1$. 
Therefore,  it  would  appear  that  Smith's  explanation  for  the  origin  of 
the  stable  banded  structure  is  applicable  to  the  case  under  discussion. 

If  the  above  explanation  for  the  formation  of  the  banded  structure 
is  accepted  (i.e.,  the  precipitation  of  a face  centered  cubic  phase  from 
a hexagonal  close  packed  solid  solution),  the  phase  diagram  should  show 
the  a/a  + TiO  boundary  curving  toward  higher  oxygen  contents  and  inter- 
secting the  peritectic  horizontal  at  a greater  oxygen  concentration  than 
is  obtained  at  lower  temperatures.  Actual  data  points  at  1600°,  1700°, 
and  1750  °C  do  not  indicate  such  curvature  of  the  a/a  + TiO  boundary;  but 
it  is  quite  possible  that  the  alpha  phase  could  not  be  retained  on  quench- 
ing from  these  higher  temperatures.  Curvature  for  this  boundary  has  been 
shown  in  Fig.  62,  because  the  15$  oxygen  alloy  had  a higher  melting  point 
than  the  16$  alloy. 

The  phase  diagram  (Fig.  62)  indicates  the  presence  of  the  hitherto 
unknown  delta  phase  at  approximately  18-20$  oxygen  below  925°C.  Only 
traces  of  this  precipitate  were  observed  in  the  18,  20,  and  22$  oxygen 
alloys  annealed  at  900®C.  After  annealing  at  800°C  for  120  hours,  the 
amount  of  precipitate  increased  from  a trace  in  the  15$  alloy  to  more 
than  20$  in  the  19  and  20$  oxygen  alloys , and  subsequently  decreased 
until  no  trace  was  found  in  the  2h%  oxygen  sample.  Treatment  for  500 
hours  at  800JC  did  not  increase  the  amount  of  the  precipitated  phase. 
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The  banded  structure  appeared  to  break  down  with  the  appearance  of  the 
precipitate  at  800°  and  900 °C.  Figures  77-79  are  presented  to  show  the 
appearance  of  the  precipitate  as  revealed  in  the  18,  20,  and  22$  oxygen 
alloys  annealed  at  800°C. 

Figure  80  depicts  the  single  phase  TiO  structure  of  a 29%  oxygen 
alloy. 

The  determination  of  phase  relationships  for  alloys  containing  30-50 
weight  per  cent  oxygen  was  not  attempted  because  most  of  these  alloys  were 
too  friable  to  prepare  by  metallographic  techniques  after  heat  treatment. 
By  extremely  careful  handling,  a series  of  samples  of  as-cast  alloys  from 
30  to  k0%  oxygen  were  prepared  for  examination. 

A phase  mixture  of  TiO  + T^O^  was  observed  in  the  as-cast  31-32$ 
oxygen  alloys,  while  the  33$  alloy  appeared  to  be  a single  phase,  corres- 
ponding to  T^O^.  A mixture  of  TioOo  + Ti02  was  revealed  in  35-37$ 
oxygen  alloys,  and  the  as-cast  38-50$  oxygen  alloys  appeared  to  be 
cored  single  phase  structures  of  Ti02»  These  phases  and  phase  ranges 
confirm,  in  general,  X-ray  diffraction  studies  reported  by  Ehrlich. 

c.  Melting  range  determinations 

Solidus  data  for  this  system  as  determined  by  incipient  melting  tech- 
niques are  shown  in  Table  XIII,  and  also  in  Fig.  62,  together  with  melting 
range  data  obtained  by  annealing  treatments.  These  results  indicate 
whether  the  specimens  were  completely  melted,  partially  melted,  or  un- 
melted. As  shown  in  the  diagram,  the  annealing  data  are  in  fairly  close 
agreement  with  the  incipient  melting  results. 

The  temperature  of  the  peritectic  reaction  Melt  + a P was 
placed  between  1730°  and  1750°C,  because  after  annealing  at  1730°C  the 
2,  3,  and  5$  oxygen  alloys  show  an  a + j3  structure  with  no  evidence  of 
melting;  whereas  the  treatments  at  1750°C  gave  micro structures  showing 
complete  melting,  a + partial  melting,  and  unmelted  a,  respectively,  for 
the  same  alloys.  Similarly,  the  peritectic  temperature  of  the 
Melt  + a y-5*  TiO  reaction  was  placed  at  1770 °G  as  determined  by  examina- 
tion of  a series  of  specimens  which  showed  various  amounts  of  melting 
at  1800°C  and  did  not  exhibit  melting  when  treated  at  1750°C.  Typical 
peritectic  microstructures  were  not  obtained  in  any  of  the  alloys  at 
either  of  the  indicated  peritectics.  Between  the  two  peritectics,  a 
maximum  melting  point  of  approximately  1900°C  at  10$  oxygen  was  obtained 
for  the  alpha  phase. 

The  incipient  melting  temperature  for  a 25  weight  per  cent  oxygen 
alloy,  corresponding  to  the  theoretical  composition  TiO,  was  determined 
to  be  1760°C,  which  is  in  very  close  agreement  with  a previously  reported 
melting  point  of  1750°C  (30). 
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TABLE  XIII 


MELTING  TEMPERATURES  OF  IODIDE  TITANIUM-OXYGEN  ALLOYS 


Weight  % 
Oxygen 

Melting 
Point*,  °C 

Weight  % 
Oxygen 

Melting 
Point"*,  °C 

0 

1725 

lil 

181*0 

2 

1750 

15 

1830 

3 

1750 

16 

1780 

h 

1776 

18 

1780 

6 

1822 

20 

1770 

8 

1850 

22 

1765 

10 

1905 

25 

1760 

11 

1875 

26 

1770 

12 

1875 

27 

nbo 

13 

1870 

30 

1725 

"^Accuracy  of  determination 

approximately  ±25°C. 

d.  X-ray  diffraction  studies 

X-ray  diffraction  studies  were  undertaken  to  determine  the  structure 
of  the  intermediate  phase  TiO  and,  by  means  of  the  parametric  method,  to 
check  certain  points  on  solubility  boundaries  as  established  by  metallo- 
graphic  observations. 

The  patterns  were  taken  in  a lit  cm  Debye-Scherrer  powder  camera 
using  filtered  CuKa  radiation.  The  specimens  were  prepared  largely  by 
crushing  and  screening.  Only  at  low  oxygen  contents  was  it  necessary 
to  use  filing  to  prepare  powdered  specimens.  Lattice  parameters  were 
calculated  by  solution  of  simultaneous  equations  for  a number  of  high 
angle  lines  or  by  the  well-known  cosine  square  extrapolation  in  the  case 
of  cubic  structures. 

(1)  Alpha  primary  solid  solution 

This  phase  possesses  the  hexagonal  close  packed  structure  of  the 
low  temperature  allotropic  modification  of  titanium.  The  lattice  para- 
meters of  this  structure  as  a function  of  oxygen  content  are  presented 
in  Fig.  81.  The  pronounced  increase  in  the  “c"  parameter  would  tend  to 
confirm  that  this  is  an  interstitial  type  of  solid  solution. 

In  general,  there  is  some  deviation  from  the  results  of  Ehrlich's 
work,  especially  at  low  oxygen  contents.  The  direction  of  the  deviation 
points  to  the  relative  impurity  of  his  titanium  metal.  From  the  wc“ 
parameter  of  the  alpha  phase  in  a phase  mixture  with  TiO  as  quenched 
below  900°C,  the  saturation  composition  of  alpha  was  determined  as  3U-0.5 
atomic  per  cent  (llw5  wt .$)  oxygen.  This  is  in  exact  agreement  with 
that  value  established  by  met alio graphic  examination. 
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(2)  The  intermediate  phase  TiO 

Ehrlich  has  reported  this  phase  to  have  a cubic  structure  of  the  NaCl 
type.  This  was  confirmed  by  the  present  work.  The  lattice  parameter  as 
a function  of  oxygen  content  is  shown  in  Fig.  82.  It  will  be  seen  that 
a simple  linear  relationship  occurs.  The  results  are  quite  close  to  those 
reported  by  Ehrlich.  From  the  pattern  of  a phase  mixture  field  as  quenched 
from  900 °C  and  containing  i+O  atomic  per  cent  oxygen,  the  parameter  of  the 
TiO  phase  was  calculated  to  be  I*.l80  A.  This  sets  the  saturation  composi- 
tion of  TiO  on  the  titanium  side  for  900°C  at  1*6±0.5  atomic  per  cent  (ap- 
proximately 23  wt.$).  This  agrees  closely  with  the  metallographic  estimate 
of  23.^  weight  per  cent. 

(3)  The  intermediate  phase  between  alpha  and  TiO 

On  long  term  annealing  of  alloys  containing  between  15  and  23  weight 
per  cent  oxygen  below  900°C,  metallographic  examination  disclosed  the 
presence  of  a new  phase  tentatively  named  delta.  Diffraction  patterns 
of  these  structures  showed  a large  number  of  new. faint  lines  which  could 
not  be  accounted  for  by  either  alpha  or  TiO.  Although  the  determination 
of  the  structure  of  a new  phase  is  best  performed  when  the  phase  has  been 
isolated,  this  was  not  possible.  As  an  alternative,  which  can  only  pro- 
vide tentative  results,  the  extra  lines  were  examined  as  a group.  It 
was  found  possible  to  index  all  but  one  of  these  lines  on  a Hull-Davy 
chart  for  the  tetragonal  system.  The  lattice  parametgrs  calculated  for 
this  tetragonal  lattice  are:  c = 6.61*5  1,  a = 5.333  A,  c/a  = 1.21*6.  The 

measure  of  success  in  relating  calculated  to  observed  spacings  is  shown 
in  Table  XIV.  The  check  is  quite  close. 

e . Hardness  determinations 

Vickers  pyramid  hardness  data  (5  kg  load)  for  alloys  with  from  0.2 
to  30$  oxygen  are  presented  graphically  In  Fig.  83.  Two  curves  are  shown, 
one  representing  the  hardness  of  as-cast  alloys  and  the  other,  the  hard- 
ness of  a series  of  alloys  annealed  at  1000°C. 

The  hardness  curves  show  an  increase  from  approximately  1?0  to  95 0 
and  1200  Vickers  in  the  alpha  solid  solution  range  of  0.2-13$  oxygen. 

The  impressions  in  specimens  of  this  range  of  composition  were  of  uniform 
shape,  despite  cracks  and  chipping  due  to  brittleness,  which  usually 
accompanies  extremely  high  hardness.  On  the  other  hand,  impressions  in 
specimens  in  the  ll*-20$  oxygen  range  of  composition  were  surrounded  by 
deformation  bands.  This  evidence  of  ductility  supports  the  drop  in  hard- 
ness for  alloys  which  microscopically  revealed  the  banded  a + TiO  phase 
mixture.  From  20  to  30$  oxygen,  hardness  again  increases  to  extremely 
high  values. 
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TABLE  XIV 


SUMMARY  OF  OBSERVED  AND  CALCULATED  DATA 
ON  THE  DELTA  PHASE 


Observed 

Intensity 

hlr.1 

^observed 

^calculated 

vw 

112 

2.U7U  A 

2.1+93  A 

vw 

120 

2.373 

2.385 

vft 

? 

2.321+ 

— 

vft 

202 

2.058 

2.079 

ft 

220 

1.871+ 

1.885 

wft 

221 

1.805 

1.811+ 

vw 

301 

1.716 

1.717 

wft 

ooU 

1.655 

1.661 

vw 

223 

1.I+32 

1.1+35 

vw 

201+ 

1.I+11+ 

1.1+10 

wft 

303 

1.386 

1.386 

wft 

105 

1.293 

1.289 

vw 

115 

1.21+2 

1.253 

wft 

301+ 

1.219 

1.211+ 

vft 

21+0 

1.191 

1.193 

ft 

32U 

1.102 

1.101+ 

ft 

502 

1.011+ 

1.016 

ft 

331+ 

0.9999 

1.002 

vw  = very  weak 

ft  = faint 

vft  = very  faint 

wft  = very  very  faint 
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Fig.  83  - Vickers  Diamond  Pyramid  Hardness  vs  Oxygen  Content 
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IV.  SUMMARY  OF  RESULTS 


A.  The  Titanim-Aluminum  System 

The  principal  features  of  the  diagram  are  as  follows:  A periteetic 

reaction,  p + melt  y,  between  and  33.3%  aluminum  at  approximately 

11|60°C.  A second  periteetic  reaction,  y + melt  7*  TLAI3,  between  60  and 
61$  aluminum  at  13lj0oC.  A peritectoid  reaction,  {3  + y 7~**~  a,  between  29 
and  3k»5%  aluminum  at  approximately  12liD°C.  The  p a transformation 
temperature  is  raised  from  885®  C at  0$  aluminum  to  12l40°C  at  29$  aluminum. 
A narrow  a + p field  is  indicated.  The  beta  phase  transforms  to  serrated 
alpha  on  quenching.  The  solubility  limit  of  aluminum  in  alpha  titanium  is 
2k.$%  at  900°C.  The  maximum  solubility  of  aluminum  in  beta  titanium  is 
3h»S%  at  li|60°C.  The  lattice  parameters  of  the  solid  solution  change  con- 
siderably with  initial  additions  of  aluminum  and  level  off  near  the  solu- 
bility limit.  X-ray  diffraction  patterns  confirmed  the  metallographic 
observation  that  beta  is  not  retained  by  rapid  quenching.  Gamma  phase  is 
of  variable  composition,  from  37  to  60$  aluminum  at  the  solidus  and  from 
35.5  to  about  hh*5%  aluminum  at  800°C.  The  gamma  phase  has  an  ordered 
face  centered  tetragonal  lattice,  with  an  axial  ratio  close  to  unity,  and 
is  based  on  the  composition  TiAl.  Increasing  aluminum  content  increases 
the  axial  ratio  slightly.  The  hardness  of  alpha  solid  solution  alloys 
increases  with  the  addition  of  aluminum  to  titanium.  The  gamma  phase  has 
a minimum  hardness  at  36%  aluminum,  which  increases  with  further  additions, 
of  aluminum,  reaching  a maximum  at  the  composition  TiAl^. 

B.  The  Titanium-Chromium  System 

The  transformation  tenperature  of  titanium  (885*C)  is  lowered  with 
increasing  chromium  content,  resulting  in  a eutectoid  decomposition  of 
beta  at  1$%  chromium  and  685°C  into  alpha,  containing  less  than  0,3% 
chromium,  and  the  intermediate  phase,  TiC^.  The  beta  phase  is  retained 
on  quenching  alloys  in  which  beta  contains  7%  or  more  chromium.  Beta 
titanium  and  chromium  are  completely  mutually  soluble  at  high  temperatures, 
beta  decomposing  at  1350®C  into  TiCr2,  which  exists  within  a narrow  range 
of  composition  from  about  67  to  63%  chromium.  The  melting  temperatures 
decrease  from  that  of  titanium  (1720°C)  with  increasing  chromium  content, 
reaching  a minimum  at  US%  chromium  and  1380°C. 

C.  The  Titanium-Iron  System 

The  transformation  temperature  of  titanium  drops  with  increasing  iron 
content,  resulting  in  a eutectoid  decomposition  of  beta  at  15-16$  iron 
and  585#C  into  alpha,  with  less  than  0,3%  iron,  and  TiFe.  Beta  is  retained 
in  alloys  in  which  the  beta  phase  contains  1$  or  more  iron.  A eutectic 
exists  at  32%  iron  and  1080°C  between  beta,  having  a composition  of  25$ 
iron,  and  TiFe.  The  intermediate  phase,  TiFe,  occurs  at  51$  iron  and  is 
apparently  formed  peritectically. 

Hardness  curves  are  presented  for  several  groups  of  annealed  and  water 
quenched  alloys  of  both  systems,  showing  the  typical  results  obtained  over 
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the  range  of  compositions  investigated. 

D.  The  Tit anium-Chromium-Iron  System 

The  outstanding  feature  of  the  titanium-chromium-iron  system  is  the 
ternary  eutectoid  point  at  approximately  Q%  chromium  and  13%  iron  at  about 
$kO°C.  The  maximum  solubility  of  iron  and  chromium  in  titanium  is  less 
than  1%  total  alloy  content.  The  change  from  transformed  to  retained 
beta  on  water  quenching  from  the  beta  field  occurs  along  a straight  line 
joining  the  similar  transition  points  in  the  two  binary  systems.  The 
ternary  system  shows  the  same  hardness  trends  indicated  for  the  two  bin- 
aries. A peak  hardness  is  obtained  at  the  composition  where  the  transi- 
tion occurs  from  transformed  to  retained  beta.  Work  on  the  titanium- 
chromium-iron  system  is  not  completed,  and  will  be  concluded  during  the 
next  year's  extension  of  the  project. 

E.  The  Titanium-Oxygen  System 

The  titanium-oxygen  phase  diagram  has  the  following  features:  A 

peritectic  reaction:  Melt  + a §,  between  1 and  oxygen,  at  ap- 

proximately 17hO*C.  A second  peritectic  reaction:  Melt  + a TiO, 
between  llw5  and  20. 5$  oxygen  at  approximately  1770°C.  A peritectoid 
reaction:  a + TiO  6 between  liu5  and  23*3$  oxygen  at  approximately 
925 °C.  The  alpha  phase  exhibits  a maximum  melting  point  of  approximately 
1900 °C  at  about  10^  oxygen.  The  solubility  limit  of  oxygen  in  alpha 
titanium  is  approximately  lb»5%  oxygen  from  800*  to  1700#C.  The  lattice 
parameters  of  the  alpha  solid  solution  increase  with  increasing  oxygen 
content.  X-ray  diffraction  patterns  for  the  TiO  phase  indicate  a cubic 
structure  of  the  NaCl  type,  with  a linear  decrease  in  parameter  constants 
with  increasing  oxygen  content.  Lattice  parameter  measurements  confiiroed 
the  alpha  and  TiO  solubility  limits  determined  by  micro graphic  methods. 

The  existence  of  the  newly  discovered  6 phase  was  confiimed  by  X-ray 
studies,  and  the  structure  was  tentatively  identified  as  tetragonal. 

The  composition  range  in  which  the  new  phase  occurs  corresponds  to  the 

stoichiometric  ratios  for  either  Ti-0o  or  Ti,  0-. 

3 2 it  3 

A marked  increase  in  hardness  was  obtained  with  the  addition  of 
oxygen  to  titanium.  The  hardness  curve  dipped  to  a minimum  for  a + TiO 
phase  mixture  alloys  and  then  showed  a rapid  increase  for  the  TiO  solid 
solution  alloys. 


V.  FUTURE  WORK 


The  titanium-chromium-iron  partial  phase  diagram  remains  to  be  com- 
pleted. The  melting  range  will  be  deteimined.  A more  intensive  study 
will  be  made  with  new  alloys  and  annealing  treatments  to  pin-point  the 
ternary  eutectoid.  The  phase  limits  of  the  ,8  + TiFe  + TiCr^  space  will 
be  located  using  additional  alloys  and  X-ray  diffraction  techniques. 
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A Study  will  be  made  to  determine  the  phase  relationships  brought 
about  by  oxygen  additions  to  the  ternary  systems.  This  work  was  suggest- 
ed by  the  discovery  of  the  TioFe^O  phase,  which  may  in  some  ways  influence 
the  properties  of  commercial  titanium-chromium-iron  alloys. 
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APPENDIX  I 


A THEORETICAL  ANALYSIS  OF  THE  STRUCTURE  OF  TiO 
by  W.  Rostoker 


From  density  measurements,  Ehrlich  (1)  has  shown  that  the  large  range 
of  miscibility  may  be  interpreted  in  terms  of  titanium  and  oxygen  vacant 
sites,  respectively,  on  the  high  and  low  oxygen  sides  of  the  TiO  composi- 
tion. However,  Ehrlich  considered  this  phase  to  possess  an  ionic  type 
of  bonding  and  the  vacant  site  phenomenon  required  the  postulate  of  mix- 
tures of  mono-  and  divalent  and  of  di-  and  trivalent  titanium.  Considera- 
tion of  certain  factors  seems  to  indicate  that  the  NaCl  structure  exhibited 
derives  from  factors  other  than  ionic  bonding. 

From  Pauling's  (2)  data,  the  diameter  of  the  0 ion  is  2.80 
diameter  of  the  divalent  titanium  atom  may  be  calculated  from  the 
sion  (2) 

DT±2+  " DTiR+  • - = 3.1*3  A 

The  assumption  has  been  made  here  that  titanium  in  the  pure  state  or  in 
primary  solid  solutions  is  a tetravalent  metal.  Support  has  been  found 
for  this  (3)  from  a consideration  of  the  Brillouin  Zone  and  lattice  para- 
meters of  the  alpha  primary  solid  solution  in  the  titanium-aluminum 
system.  A calculation  of  the  lattice  pargmeter  of  the  TiO  phase,  assum- 
ing ionic  bonding,  yields  the  value  6.23  A,  which  is  considerably  in 
excess  of  that  observed.  On  the  other  hand,  using  the  diameter  of  tetra- 
valent titanium  and  of  the  oxygen  atom  which  can  be  d|  rived  from  the 
alpha  phase  lattice  parameters  gives  a value  of  R.21  A,  which  is  very 
close  to  that  observed. 

As  a further  check  on  the  hypothesis  that  the  TiO  phase  has  metallic 
bonding,  a measurement  was  made  of  electrical  resistivity.  This  measure- 
ment was  made  on  a cast  button  of  variable  dimensions  so  that  the  results 
are  likely  to  be  in  error  on  the  high  side  ty  a factor  of  as  much  as  two. 
The  resistivity  obtained  was  in  the  order  of  3000  raicrohm-cm,  which 
definitely  excludes  the  possibility  of  either  covalent  or  ionic  bonding. 

The  magnitude  of  resistivity  suggests  a "full*1  Brillouin  zone  con- 
dition (in  the  sense  of  preceding  an  overlap).  Because  of  the  low  scat- 
tering power  of  oxygen,  the  TiO  structure  may  be  considered  as  a face 
centered  cubic  lattice  of  titanium  atoms.  According  to  Raynor  et  al. 

(U),  the  second  Brillouin  zone  for  a face  centered  cubic  structure  can 
contain,  on  a volumetric  estimate,  four  electrons  per  atom.  An  inscribed, 
sphere  corresponds  to  2.1*9  electrons  per  atom  but,  as  Raynor  points  out, 
the  Fermi  distribution  within  the  second  zone  would  be  expected  to  be 
far  from  spherical.  Accordingly,  we  may  expect  the  full  second  zone 


A.  The 
expres- 
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(electronic  concentration  prior  to  overlap)  to  contain  2.k9~h  electrons 
per  atom.  From  the  deduction  that  the  TiO  structure  is  not  ionic,  it 
must  be  concluded  that  oxygen  is  a donor,  rather  than  an  acceptor,  of 
electrons.  Under  these  circumstances,  the  electron  to  atom  ratio  must 
reasonably  lie  between  2.5  and  \\}  assuming  oxygen  to  yield  1-U  electrons, 
respectively. 
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